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Introduction:Hadrons

n Matter constituted of electrons, protons and 
neutrons

n And various bound systems of three types of 
particles form the elements.

e- p n

Q=-1 Q=1 Q=0

Until  about 1960:
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Introduction:Hadrons
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n And various elements formed moleculer states 

      Eg: 2H + 0  →H20
            C   + 20 →C02

During 1964-1969: 

sub-structure of protons and neutrons was 
discovered

 now the lightest “hadrons”!!

Ref: PHYS. REV, 142, 1966 T. JANSSENS, 
R. HOFSTADTER, E.  B. HUGHES, AND M. 
R. YKARIAN

Introduction:Hadrons
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u
Q =+2/3

d
Q =-1/3

s
Q =-1/3

c
Q =-1/3

b
Q =-1/3

t
Q =-1/3

e
Q =+2/3

µ
Q =-1/3

τ
Q =-1/3

ν
Q =-1/3

ν
Q =-1/3

ν
Q =-1/3

n Hadrons (mesons and 
baryons)are  bound 
systems of quarks.

n Standard  model:  the 
basic constituents of 
matter:  Quarks & 
Leptons

Introduction:Hadrons
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 ▶ Mesons
 ▶ Light unflavoured
 ▶ Strange
 ▶  Charmed 
 ▶  Charmed, Strange
 ▶  Bottom
 ▶  Bottom, Strange
 ▶  Bottom, Charmed
 ▶  cc
 ▶  bb
 ▶  Non qq Candidates

 ▶ Baryons 
 ▶ N Baryons
 ▶  Baryons
 ▶ Exotic Baryons
 ▶  Baryons  
 ▶  Baryons
 ▶  Baryons
 ▶  Baryons
 ▶ Charmed Baryons
 ▶ Doubly-Charmed Baryons
 ▶ Bottom Baryons

The particle data group

n Many hadrons have been discovered since then. 

Introduction:Hadrons

jueves 29 de noviembre de 12



n Many hadrons have been discovered since then. 

Introduction:Hadrons
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η(1760)      0+(0–+)   
π(1800)      1–(0–+) 
f2(1810)      0+(2++) 
X(1835)       ??(?–+)   
φ3(1850)     0–(3––) 
η2(1870)     0+(2–+)   
π2(1880)     1–(2–+) 
ρ(1900)      1+(1––)
f2(1910)     0+(2++)   
f2(1950)     0+(2++) 
ρ3(1990)    1+(3––)   
f2(2010)     0+(2++) 
f0(2020)     0+(0++)   
a4(2040)    1–(4++)   
f4(2050)     0+(4++) 
π2(2100)    1–(2–+) 
f0(2100)     0+(0++) 
f2(2150)     0+(2++) 
ρ(2150)     1+(1––) 
φ(2170)     0–(1––) 
f0(2200)     0+(0++) 
fJ(2220)     0+(2++ or 4++) 
η(2225)     0+(0–+) 
ρ3(2250)    1+(3––)   

ω(1420)        0–(1– –) 
f2(1430)        0+(2++)   
a0(1450)       1–(0++)
ρ(1450)         1+(1– –)
η(1475)         0+(0–+)   
f0(1500)         0+(0++) 
f1(1510)         0+(1++)   
f2'(1525)         0+(2++)  
f2(1565)         0+(2++) 
ρ(1570)         1+(1– –) 
h1(1595)        0–(1+–)   
π1(1600)        1–(1–+)  
a1(1640)        1–(1++) 
f2(1640)         0+(2++)   
η2(1645)        0+(2–+)   
ω(1650)         0–(1– –)   
ω3(1670)        0–(3– –)   
π2(1670)        1–(2– +)   
φ(1680)         0–(1– –)   
ρ3(1690)        1+(3– –)   
ρ(1700)         1+(1– –) 
a2(1700)        1–(2++) 

f0(1710)         0+(0++) 

π±                   1–(0–)  
π0                   1–(0–+)   
η                     0+(0–+)   
f0(600) or σ     0+(0++)   
ρ(770)             1+(1––)   
ω(782)            0–(1––)   
η'(958)            0+(0–+) 
f0(980)            0+(0++)   
a0(980)           1–(0++)   
φ(1020)          0–(1––)   
h1(1170)         0–(1+–)   
b1(1235)         1+(1+–)   
a1(1260)         1–(1++)   
f2(1270)          0+(2++)   
f1(1285)          0+(1++)    
η(1295)          0+(0–+)   
π(1300)          1–(0–+)   
a2(1320)         1–(2++)   
f0(1370)          0+(0++) 
h1(1380)         ?–(1+–)   
π1(1400)         1–(1–+)   
η(1405)           0+(0–+)   
f1(1420)           0+(1++) 

qq̄

qq̄qq̄

(qq̄)⇤

molecules

Glueballs

Not all of them can be explained in quark model. 

Introduction:Hadrons

They can be
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More motivation

• Formulation of the quark model.

• Studies of Δ++ brought the first indications of an 
additional quantum number.

• Studies of J/ψ gave the indications of existence of 
the charm quarks.

 Ref: SIGNATURES OF EXOTIC HADRONS,FRANCESCO RENGA: arXiv:1110.4151v1 [hep-ph]

n By studying hadrons: we are still in the process of 
understanding the working of the strong interactions at 
lower energies.

n Important contributions made by the study of hadrons:
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Important objective: to study resonances 

Hadron

From the theory of strong interactions

Low and 
intermediate 

energies

Consequence: many unstable hadrons/resonances exist at these 
energies.
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Important objective: to study resonances 

Hadron

Hadron Hadron

From the theory of strong interactions

Low and 
intermediate 

energies

Consequence: many unstable hadrons/resonances exist at these 
energies.
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How to make such studies?
n QCD becomes non-perturbative at such energies.

n Some excellent alternatives are available: (1) Lattice QCD        
(2) holographic QCD  (3)QCD inspired Effective field 
theories 

n In case (1) and (2) a lot of work is required to obtain 
information related to resonances.

n Option (3) can be more efficient to study resonances. 
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n In this talk we will focus on baryonic systems.

n Lightest meson-baryon system--> pseudoscalar mesons+ 
baryons

n Effective field theories## for such system are well studied 

n They are based on the idea that the low energy hadron 
dynamics is governed by chiral symmetry$$and its 
spontaneous breaking$$. 

$$For a brief introduction please see I.T.5 by Alberto Martinez Torres on Nov 30 at10:30hrs. 

##Explained in lectures by Prof. Bertulani
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Vector meson-baryon systems:
n Pseudoscalar-baryon systems: well explained in terms of 

Weinberg Tomozawa interaction + other low energy 
theorems. 

n Interest in Vector-meson(VB) Baryon systems is relatively 
new.  

n New issue/problem: Low energy theorems not applicable -->

No apriori reason to 
neglect s-, u-channel (etc.).

P

B

P

B

V
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Hidden local symmetry: 

(1) based on nonlinear realization of the chiral symmetry (one starts 
with the nonlinear sigma model ) 

(2) take vector mesons as dynamical gauge bosons (in addition to the 
Goldstone bosons)

(3) Motivation: vector meson dominance--> which naturally appears as 
a consequence in this theory, (+ universality of rho meson coupling 
                                 (Sakurai) +KSRF relation[Kawarabayashi and
Suzuki, 1966],[Riazuddin and Fayyazuddin, 1966　+ .......)

L0 =
f2
⇡

4
Tr(@µU@µU †) U = (� + i~⌧ · ~⇡)

L = L0 + aLV � 1

4
Fµ⌫F

µ⌫ � 1

4
(@⌫Bµ � @µB⌫)

2

g⇢⇡⇡ = g⇢NN

Ref: Bando,Kugo,Yamawaki Phys. Rept.(1988)
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Diagrams, we consider:

n t-channel  (vector meson) exchange   

n Contact interaction (Hidden local symmetry Lagrangian).

n s- and u-channel baryon exchange

V

B

V

B

V

B

V

B

V

B B

V

B

V

B

V

B

V

B
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Vector Meson-Baryon interaction

L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

n Formalism: Lagrangian which is gauge invariant under the 
Hidden local symmetry transformations.
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Vector Meson-Baryon interaction

SU(2): L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

n Formalism: Lagrangian which is gauge invariant under the 
Hidden local symmetry transformations.
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Vector Meson-Baryon interaction
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⇢
F1�µ⇢
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F2

4M
�µ⌫⇢
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�
N
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Vector Meson-Baryon interaction

=1

SU(2): L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

n Formalism: Lagrangian which is gauge invariant under the 
Hidden local symmetry transformations.
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Vector Meson-Baryon interaction

=1

SU(2): L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

n Formalism: Lagrangian which is gauge invariant under the 
Hidden local symmetry transformations.
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Vector Meson-Baryon interaction

=1

= �⇢ ⇠ 3.22

SU(2): L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

n Formalism: Lagrangian which is gauge invariant under the 
Hidden local symmetry transformations.
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Vt =
m⇥

f2
�

⇥�⇥ · ⇥�N

Vcontact =
3m⇥

2f2
�

⇢
3

4
⇥s⇥ · ⇥sN +

1

2
⇥s⇥ · ⇥sN ⇥�⇥ · ⇥�N

�

Vs =

⇢
1

6
� 1

3
⇥s⇥ · ⇥sN � 1

3
⇥�⇥ · ⇥�N +

2

3
⇥s⇥ · ⇥sN⇥�⇥ · ⇥�N

�
m⇥

f2
�

Vu =

⇢
1

2
+ ⇥s⇥ · ⇥sN + ⇥�⇥ · ⇥�N + 2⇥s⇥ · ⇥sN⇥�⇥ · ⇥�N

�
m⇥

f2
�

Interesting feature: (in SU(2)) 

WT Contact interaction (S+U)-channel

I=1/2 s=1/2

s=3/2

I=3/2 s=1/2

s=3/2

m⇢

2f2
⇡

4m⇢

3f2
⇡

�2m⇢

3f2
⇡

�4

3

m⇢

2f2
⇡

2

3

m⇢

2f2
⇡

✓
1

20
� 1

2

◆
m⇢

f2
⇡

m⇢

f2
⇡

2
m⇢

2f2
⇡

�4m⇢

2f2
⇡

�m⇢

f2
⇡
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LV BB = �g

⇢
⇥B̄�µ [V

µ, B]⇤+ ⇥B̄�µB⇤⇥V µ⇤+ 1

4M

�
F ⇥B̄⇥µ� [V

µ� , B]⇤+D⇥B̄⇥µ� {V µ� , B}⇤
��

V µ� = �µV � � ��V µ + ig[V µ, V � ]

V =

0

BBBBBB@

�0

2 + ⇤
2

�+
p
2

K⇤+
p
2

��
p
2

��0

2 + ⇤
2

K⇤0
p
2

K⇤�
p
2

K̄⇤0
p
2

⇥p
2

1

CCCCCCA
B =

0

BBBBB@

⇥0
p
2
+ �p

6
⇥+ p

⇥� �⇥0
p
2
+ �p

6
n

�� �0 �2�p
6

1

CCCCCA

g =
mvp
2f�

D = 2.4 

F = 0.82 

Vector Meson-Baryon interaction

L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

SU(3):
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LV BB = �g

⇢
⇥B̄�µ [V

µ, B]⇤+ ⇥B̄�µB⇤⇥V µ⇤+ 1

4M

�
F ⇥B̄⇥µ� [V

µ� , B]⇤+D⇥B̄⇥µ� {V µ� , B}⇤
��

V µ� = �µV � � ��V µ + ig[V µ, V � ]

V =

0

BBBBBB@

�0

2 + ⇤
2

�+
p
2

K⇤+
p
2

��
p
2

��0

2 + ⇤
2

K⇤0
p
2

K⇤�
p
2

K̄⇤0
p
2

⇥p
2

1

CCCCCCA
B =

0

BBBBB@

⇥0
p
2
+ �p

6
⇥+ p

⇥� �⇥0
p
2
+ �p

6
n

�� �0 �2�p
6

1

CCCCCA

g =
mvp
2f�

D = 2.4 

F = 0.82 D + F = 3.22 ⇡ ⇢

Vector Meson-Baryon interaction

L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

SU(3):
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LV BB = �g

⇢
⇥B̄�µ [V

µ, B]⇤+ ⇥B̄�µB⇤⇥V µ⇤+ 1

4M

�
F ⇥B̄⇥µ� [V

µ� , B]⇤+D⇥B̄⇥µ� {V µ� , B}⇤
��

V µ� = �µV � � ��V µ + ig[V µ, V � ]

V =

0

BBBBBB@

�0

2 + ⇤
2

�+
p
2

K⇤+
p
2

��
p
2

��0

2 + ⇤
2

K⇤0
p
2

K⇤�
p
2

K̄⇤0
p
2

⇥p
2

1

CCCCCCA
B =

0

BBBBB@

⇥0
p
2
+ �p

6
⇥+ p

⇥� �⇥0
p
2
+ �p

6
n

�� �0 �2�p
6

1

CCCCCA

g =
mvp
2f�

D = 2.4 

F = 0.82 D + F = 3.22 ⇡ ⇢

Vector Meson-Baryon interaction

SU(2): L⇢NN = �gN̄

⇢
F1�µ⇢

µ +
F2

4M
�µ⌫⇢

µ⌫

�
N

SU(3):
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Vector Meson-Baryon interaction: ω-φ mixing

Under the ideal mixing assumption:

magnetic moments of the baryons in Ref. [27]. Further, in our normalization scheme,

V =
1

2





















ρ0 + ω
√
2ρ+

√
2K∗+

√
2ρ− −ρ0 + ω

√
2K∗0

√
2K∗−

√
2K̄∗0

√
2φ





















(18)

and

B =























1√
6
Λ+ 1√

2
Σ0 Σ+ p

Σ− 1√
6
Λ− 1√

2
Σ0 n

Ξ− Ξ0 −
√

2
3Λ























. (19)

However, to obtain the right couplings for the physical ω and φ meson at the meson-

baryon-baryon vertices, we need to consider the mixing of their octet and singlet components.

Under the ideal mixing assumption, we write

ω =

√

1

3
ω8 +

√

2

3
ω0

φ = −
√

2

3
φ8 +

√

1

3
φ0, (20)

and use only the octet part of these wave function in Eq. (16). In other words, the Lagrangian

given by Eq. (16) corresponds to the interaction between octet vector mesons and octet

baryons. For the singlet states we have

LV0BB = −g

{

〈B̄γµB〉〈V µ
0 〉+

C0

4M
〈B̄σµνV

µν
0 B〉

}

, (21)

where the constant C0 is chosen to be 3F − D such that the φNN vertex is null and the

anomalous magnetic coupling of the ωNN vertex gives κω % 3F−D. These results, together

with the anomalous magnetic coupling at the ρNN vertex, which is D + F = κρ, lead to a

consistent formalism.

Thus, in general, the Lagrangian for the Yukawa type vertices, needed for s-, t-, and

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉+D〈B̄σµν {∂µV ν

8 − ∂νV µ
8 , B}〉

)

+ 〈B̄γµB

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

8

LV BB = �g

⇢
⇥B̄�µ [V

µ, B]⇤+ ⇥B̄�µB⇤⇥V µ⇤+ 1

4M

�
F ⇥B̄⇥µ� [V

µ� , B]⇤+D⇥B̄⇥µ� {V µ� , B}⇤
��

magnetic moments of the baryons in Ref. [27]. Further, in our normalization scheme,

V =
1

2





















ρ0 + ω
√
2ρ+

√
2K∗+

√
2ρ− −ρ0 + ω

√
2K∗0

√
2K∗−

√
2K̄∗0

√
2φ





















(18)

and

B =























1√
6
Λ+ 1√

2
Σ0 Σ+ p

Σ− 1√
6
Λ− 1√

2
Σ0 n

Ξ− Ξ0 −
√

2
3Λ























. (19)

However, to obtain the right couplings for the physical ω and φ meson at the meson-

baryon-baryon vertices, we need to consider the mixing of their octet and singlet components.

Under the ideal mixing assumption, we write

ω =

√

1

3
ω8 +

√

2

3
ω0

φ = −
√

2

3
φ8 +

√

1

3
φ0, (20)

and use only the octet part of these wave function in Eq. (16). In other words, the Lagrangian

given by Eq. (16) corresponds to the interaction between octet vector mesons and octet

baryons. For the singlet states we have

LV0BB = −g

{

〈B̄γµB〉〈V µ
0 〉+

C0

4M
〈B̄σµνV

µν
0 B〉

}

, (21)

where the constant C0 is chosen to be 3F − D such that the φNN vertex is null and the

anomalous magnetic coupling of the ωNN vertex gives κω % 3F−D. These results, together

with the anomalous magnetic coupling at the ρNN vertex, which is D + F = κρ, lead to a

consistent formalism.

Thus, in general, the Lagrangian for the Yukawa type vertices, needed for s-, t-, and

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉+D〈B̄σµν {∂µV ν

8 − ∂νV µ
8 , B}〉

)

+ 〈B̄γµB

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

8

Use the octet part of these wave-functions in

and add

for the singlet meson-Baryon interaction.

=3F-D
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V µ� = �µV � � ��V µ + ig[V µ, V � ]

L3V = �1

2
⇥V µ� , Vµ�⇤

Vt = �Ct
ij

1

4f2
�

(k01 + k02)⇥�1.⇥�2

Vector Meson-Baryon interaction: t-channel  (vector exchange) 
u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

(22)

and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon
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Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which
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V C.T
ij = −CC.T
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which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in
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with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are
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1
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2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section
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It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to

V C.T
ij = CC.T

ij

g2

M
for s = 1/2, (27)

V C.T
ij = −CC.T

ij

g2

2M
for s = 3/2. (28)

9

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}
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and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon
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interaction, thus giving
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2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
ij = −Ct

ij

1

4f 2
π

(K0
1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section

V C.T
ij = iCC.T

ij

g2

2M
$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to
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ij = CC.T
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for s = 1/2, (27)
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for s = 3/2. (28)

9

jueves 29 de noviembre de 12



V µ� = �µV � � ��V µ + ig[V µ, V � ]

L3V = �1

2
⇥V µ� , Vµ�⇤

Vt = �Ct
ij

1

4f2
�

(k01 + k02)⇥�1.⇥�2

Vector Meson-Baryon interaction: t-channel  (vector exchange) 
u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

(22)
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leads to a spin dependent T -matrix as discussed in the previous sub-section
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$σ · $ε2 × $ε1. (26)
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contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to
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Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-

vector meson vertices, we have
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1

2
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which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
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4f 2
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1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in
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Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section
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contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to
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and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon
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which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement
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ij = −Ct

ij

1

4f 2
π

(K0
1 +K0

2)$ε1.$ε2, (25)
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leads to a spin dependent T -matrix as discussed in the previous sub-section
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ij = iCC.T

ij

g2

2M
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It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to
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with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
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1

4f 2
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1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in
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Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section

V C.T
ij = iCC.T
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2M
$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to
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Vector Meson-Baryon interaction: t-channel  (vector exchange) 
u-channel diagrams, is explicitly written as

LV BB = −g
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+
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(22)

and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon

interaction, thus giving
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4M

{

F 〈B̄σµν [ig [V
µ
8 , V

ν
8 ] , B]〉+D〈B̄σµν {ig [V µ

8 , V
ν
8 ] , B}〉

}
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Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-
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L3V ∈ −
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2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement
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contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.
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Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section
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$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin
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which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement
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which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in
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It is interesting to re-emphasize here on the spin structure of the contact interaction which
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and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon
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Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-

vector meson vertices, we have

L3V ∈ −
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2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
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4f 2
π
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1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section
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V C.T
ij = CC.T

ij

g2

M
for s = 1/2, (27)

V C.T
ij = −CC.T

ij

g2

2M
for s = 3/2. (28)

9

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

(22)

and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon

interaction, thus giving

LV V BB = −
g

4M

{

F 〈B̄σµν [ig [V
µ
8 , V

ν
8 ] , B]〉+D〈B̄σµν {ig [V µ

8 , V
ν
8 ] , B}〉

}

. (23)

Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-

vector meson vertices, we have

L3V ∈ −
1

2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
ij = −Ct

ij

1

4f 2
π

(K0
1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section

V C.T
ij = iCC.T

ij

g2

2M
$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to

V C.T
ij = CC.T

ij

g2

M
for s = 1/2, (27)

V C.T
ij = −CC.T

ij

g2

2M
for s = 3/2. (28)

9

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

(22)

and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon

interaction, thus giving

LV V BB = −
g

4M

{

F 〈B̄σµν [ig [V
µ
8 , V

ν
8 ] , B]〉+D〈B̄σµν {ig [V µ

8 , V
ν
8 ] , B}〉

}

. (23)

Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-

vector meson vertices, we have

L3V ∈ −
1

2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
ij = −Ct

ij

1

4f 2
π

(K0
1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section

V C.T
ij = iCC.T

ij

g2

2M
$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to

V C.T
ij = CC.T

ij

g2

M
for s = 1/2, (27)

V C.T
ij = −CC.T

ij

g2

2M
for s = 3/2. (28)

9

u-channel diagrams, is explicitly written as

LV BB = −g

{

〈B̄γµ [V
µ
8 , B]〉+

1

4M

(

F 〈B̄σµν [∂
µV ν

8 − ∂νV µ
8 , B]〉

+ D〈B̄σµν {∂µV ν
8 − ∂νV µ

8 , B}〉
)

+ 〈B̄γµB〉〈V µ
0 〉

+
C0

4M
〈B̄σµνV

µν
0 B〉

}

(22)

and the term related to the two vector fields of Eq.(??) leads to a two meson-two baryon

contact interaction when plugged in Eq.(??), which is trivially null for singlet meson-baryon

interaction, thus giving

LV V BB = −
g

4M

{

F 〈B̄σµν [ig [V
µ
8 , V

ν
8 ] , B]〉+D〈B̄σµν {ig [V µ

8 , V
ν
8 ] , B}〉

}

. (23)

Using the kinetic term of the hidden local symmetry Lagrangian in SU(3) for the three-

vector meson vertices, we have

L3V ∈ −
1

2
〈V µνVµν〉 (24)

which, in conjunction with Eq. (??), gives the t-channel interactions which are in agreement

with those given in Ref. [? ]. Thus, the corresponding T -matrices at the lowest order are

V t
ij = −Ct

ij

1

4f 2
π

(K0
1 +K0

2)$ε1.$ε2, (25)

which are scalars in the spin space. The coefficients Ct
ij are the same as those obtained in

Ref. [? ].

Next we obtain the contact interaction in SU(3), using the Lagrangian of Eq.(??) which

leads to a spin dependent T -matrix as discussed in the previous sub-section

V C.T
ij = iCC.T

ij

g2

2M
$σ · $ε2 × $ε1. (26)

It is interesting to re-emphasize here on the spin structure of the contact interaction which

contains $σ · $ε2 × $ε1, where $ε2 × $ε1 works as a spin operator which acts on spin one particles.

Hence $σ · $ε2 × $ε1 is equivalent to 2i$s · $S, a spin-spin interaction, where $s ($S) denote the spin

half (integral spin one) operator. It can be easily seen then that Eq. (??) leads to

V C.T
ij = CC.T

ij

g2

M
for s = 1/2, (27)

V C.T
ij = −CC.T

ij

g2

2M
for s = 3/2. (28)

9

jueves 29 de noviembre de 12



T = V + VGT

Solving Bethe-Salpeter equations in coupled channel 
formalism:

V = V
t

+ V
contact

+ V
u

+ V
s

G = i2M

Z
d4q

2⇥4

1

(P � q)2 �M2 + i�

1

q2 �m2 + i�

=
2M

16⇥2

(
a(µ) + ln

M2

µ2
+

m2 �M2 + s

2s
ln

m2

M2

+
q̄p
s

h
ln

�
s�

�
M2 �m2

�
+ 2q̄

p
s
�
� ln

�
�s+

�
M2 �m2

�
+ 2q̄

p
s
�

� ln
�
s�

�
M2 �m2

�
+ 2q̄

p
s
�i
)

jueves 29 de noviembre de 12



T = V + VGT

But rho and K* mesons are quite wide!!
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can be factorized out of the d3k′′ integral in the loops.
When the dk0 ′′ integral is performed, the value of k0 ′′ in
eq. (12) becomes the on-shell variable k0 ′ as shown ex-
plicitly in ref. [4], and thus the potential kernel, evaluated
with the on-shell values of k0 and k0 ′ for a given value
of the total energy

√
s, factorizes completely out of the

four-dimensional d4k′′ integration.
One can obtain a feeling on how good is the approx-

imation of neglecting the term q2/M2
V in the propagator

of the exchanged vector from the following discussion. As
shown in sect. 2.2 of ref. [23], the ratio of the s-wave pro-
jected ρ propagator keeping the q2/m2

ρ term to the one
with this term neglected is given by

R =
m2

ρ

4|"k|2
ln

m2
ρ + 4|"k|2

m2
ρ

, (16)

where "k is the on-shell momentum of the incoming meson.
For a given center-of-mass energy, the diversion from unity
of this ratio is larger for the scattering of vector mesons
than for pseudoscalars. Yet, in the case of ρN scattering, R
is within 10% for energies of the ρN system lying 25MeV
above or below threshold. Even then, as shown in [23],
a better agreement of the two prescriptions is possible
with a slight change in the subtraction constant of the
G-function.

A detailed discussion of the factorization procedure for
the particular case of vector mesons, after consideration
of the t- and u-channel analytical cuts can also be found
in sect. 2.2 of ref. [23].

3 Convolution due to the ρ and K∗ mass
distributions

The formalism described above would provide results ob-
tained using fixed masses for the vector mesons and no
width. The mass distributions of the ρ and K∗ mesons
are sufficiently extended to advise a more accurate cal-
culation that takes this large width into account. We fol-
low the traditional method of convoluting the G-function
with the mass distributions of the ρ or K∗ mesons, as
is customarily made [43]. One can prove that this convo-
lution is equivalent to calculating the loop function with
the dressed vector meson propagator written in terms of
its Lehmann representation, as is done in calculations of
medium effects in the scattering matrices [44]. The method
amounts to replacing the G-function by G̃ obtained as

G̃(s) =
1
N

∫ (m+2Γi)
2

(m−2Γi)2
dm̃2

(
− 1

π

)

× Im
1

m̃2 − m2 + imΓ (m̃)
G(s, m̃2, M̃2

B), (17)

with

N =
∫ (m+2Γi)

2

(m−2Γi)2
dm̃2

(
− 1

π

)
Im

1
m̃2−m2+imΓ (m̃)

(18)

being the normalization factor, and Γi the decay width of
the meson (i = ρ,K∗), which we take to be 149.4MeV
and 50.5MeV for the ρ- and K∗-meson, respectively. The
energy-dependent width Γ (m̃) for the ρ-meson, obtained
from its decay into two pions in p-wave, is given by

Γ (m̃) = Γρ
m2

ρ

m̃2

(
m̃2 − 4m2

π

m2
ρ − 4m2

π

)3/2

θ(m̃ − 2mπ). (19)

A similar expression gives the energy-dependent width of
the K∗-meson from its decay into a K-meson and a pion.

We will see that, using fixed masses for the vector
mesons, one finds bound states in the ρN and K∗N am-
plitudes, i.e. states having zero width. However, when G̃ is
used in eq. (13) and, therefore, both the ρ and K∗ vector
mesons are taken with their corresponding mass distribu-
tion, there is phase space for the decay of each of these
bound states into some of the mass components of the
vector meson and the nucleon, thereby acquiring an ap-
preciable width.

4 Search for poles

We search for poles in the scattering matrices in the second
Riemann sheet, as defined in previous works [42], basically
changing q̄l by to −q̄l in the analytical formula of the G-
function, eq. (14), for channels where Re(

√
s) is above the

threshold of the corresponding channel. When one has a
mass distribution of the ρ and K∗ mesons, and hence a
fuzzy description of the threshold for some channels, one
could take different prescriptions for going to the opti-
mal Riemann sheet that better reflects the behavior of
the amplitude in the real axis, which is where the physical
information is contained. The results are very similar in
all cases, expect when one has a resonance very close to
threshold, where the convolution can distort the shape of
the amplitude and even make the pole disappear. In view
of that, for these cases the couplings are obtained from
the amplitudes in the real axis as follows. Assuming these
amplitudes to behave as

Tij =
gigj√

s − MR + iΓ/2
, (20)

where MR is the position of the maximum of |Tii|, with
i being the channel to which the resonance couples more
strongly, and Γ its width at half-maximum, one then finds

|gi|2 =
Γ

2
√

|Tii|2 . (21)

Up to a global phase, this expression allows one to deter-
mine the value of gi, which we take to be real. The other
couplings are then derived from

gj = gi
Tij(

√
s = MR)

Tii(
√

s = MR)
. (22)

This procedure to obtain the couplings from |T |2 in the
real axis was used in [30] where it was found that changes
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ρ term to the one
with this term neglected is given by

R =
m2

ρ

4|"k|2
ln

m2
ρ + 4|"k|2

m2
ρ

, (16)

where "k is the on-shell momentum of the incoming meson.
For a given center-of-mass energy, the diversion from unity
of this ratio is larger for the scattering of vector mesons
than for pseudoscalars. Yet, in the case of ρN scattering, R
is within 10% for energies of the ρN system lying 25MeV
above or below threshold. Even then, as shown in [23],
a better agreement of the two prescriptions is possible
with a slight change in the subtraction constant of the
G-function.

A detailed discussion of the factorization procedure for
the particular case of vector mesons, after consideration
of the t- and u-channel analytical cuts can also be found
in sect. 2.2 of ref. [23].

3 Convolution due to the ρ and K∗ mass
distributions

The formalism described above would provide results ob-
tained using fixed masses for the vector mesons and no
width. The mass distributions of the ρ and K∗ mesons
are sufficiently extended to advise a more accurate cal-
culation that takes this large width into account. We fol-
low the traditional method of convoluting the G-function
with the mass distributions of the ρ or K∗ mesons, as
is customarily made [43]. One can prove that this convo-
lution is equivalent to calculating the loop function with
the dressed vector meson propagator written in terms of
its Lehmann representation, as is done in calculations of
medium effects in the scattering matrices [44]. The method
amounts to replacing the G-function by G̃ obtained as

G̃(s) =
1
N

∫ (m+2Γi)
2

(m−2Γi)2
dm̃2

(
− 1

π

)

× Im
1

m̃2 − m2 + imΓ (m̃)
G(s, m̃2, M̃2

B), (17)

with

N =
∫ (m+2Γi)

2

(m−2Γi)2
dm̃2

(
− 1

π

)
Im

1
m̃2−m2+imΓ (m̃)

(18)

being the normalization factor, and Γi the decay width of
the meson (i = ρ,K∗), which we take to be 149.4MeV
and 50.5MeV for the ρ- and K∗-meson, respectively. The
energy-dependent width Γ (m̃) for the ρ-meson, obtained
from its decay into two pions in p-wave, is given by

Γ (m̃) = Γρ
m2

ρ

m̃2

(
m̃2 − 4m2

π

m2
ρ − 4m2

π

)3/2

θ(m̃ − 2mπ). (19)

A similar expression gives the energy-dependent width of
the K∗-meson from its decay into a K-meson and a pion.

We will see that, using fixed masses for the vector
mesons, one finds bound states in the ρN and K∗N am-
plitudes, i.e. states having zero width. However, when G̃ is
used in eq. (13) and, therefore, both the ρ and K∗ vector
mesons are taken with their corresponding mass distribu-
tion, there is phase space for the decay of each of these
bound states into some of the mass components of the
vector meson and the nucleon, thereby acquiring an ap-
preciable width.

4 Search for poles

We search for poles in the scattering matrices in the second
Riemann sheet, as defined in previous works [42], basically
changing q̄l by to −q̄l in the analytical formula of the G-
function, eq. (14), for channels where Re(

√
s) is above the

threshold of the corresponding channel. When one has a
mass distribution of the ρ and K∗ mesons, and hence a
fuzzy description of the threshold for some channels, one
could take different prescriptions for going to the opti-
mal Riemann sheet that better reflects the behavior of
the amplitude in the real axis, which is where the physical
information is contained. The results are very similar in
all cases, expect when one has a resonance very close to
threshold, where the convolution can distort the shape of
the amplitude and even make the pole disappear. In view
of that, for these cases the couplings are obtained from
the amplitudes in the real axis as follows. Assuming these
amplitudes to behave as

Tij =
gigj√

s − MR + iΓ/2
, (20)

where MR is the position of the maximum of |Tii|, with
i being the channel to which the resonance couples more
strongly, and Γ its width at half-maximum, one then finds

|gi|2 =
Γ

2
√

|Tii|2 . (21)

Up to a global phase, this expression allows one to deter-
mine the value of gi, which we take to be real. The other
couplings are then derived from

gj = gi
Tij(

√
s = MR)

Tii(
√

s = MR)
. (22)

This procedure to obtain the couplings from |T |2 in the
real axis was used in [30] where it was found that changes

 where, for example, for rho meson --> 2 pions

Ref: E. Oset and A. Ramos 
(EPJA 44, 445 (2010) )
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• t-channel

• t- +  u-channel + contact interaction 
    spin=1/2
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Vector Meson-Baryon interactions:  Results
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(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D 84, 094018 (2011); [arXiv:1107.0574 
[nucl-th]].)
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Vector Meson-Baryon interactions:  Results

 Isospin 1
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Vector Meson-Baryon interactions:  Results

 Isospin 1

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

weakly bound molecule like states can exist near the threshold of the attractively interacting

hadrons.

In the isospin one case also, there is only one Σ resonance [31] known to have quantum

numbers Jπ = 3/2− in the 1700-2400 MeV range: Σ (1940) D13. The state with isospin 1

and the spin-parity 3/2− listed in Table IX is in good coincidence with the Σ (1940) D13,

which has a significantly large branching ratio to the K̄∗N channel. It is also important

to add that the full width at the half maximum of this state, from the calculations on the

real axis is ∼ 33 MeV, which is still less than the known width of this state. It is possible

that the 3/2− states found in our work also couple to one/two pseudoscalar-octet/decuplet

baryon channels, which are open at these energies and considering such additional channels

can increase the phase space for decay of this resonance. A coupling of 3/2− states to the

pseudoscalar-octet baryon channels can be made following the formalism of Ref. [22]. Such

improvements should be made in future.

B. Λ∗ and Σ∗ in coupled PB-VB systems

We have discussed the interaction of vector mesons and baryons and the resonances found

in these systems so far. However, the pseudoscalar meson-baryon systems can also give rise

to states with the same quantum numbers as the VB systems, and some PB and VB channels

have similar masses, thus treating them as coupled channels can play an important role in

understanding the properties of some of the resonances (as shown in Ref. [23] for the low-

lying resonances). Let us see now how the resonances found in the VB systems, discussed in

the previous subsection, change when they are coupled to pseudoscalar mesons. As explained

in Section III, the PB-VB channels couple through a contact interaction obtained from an

extension of the Kroll-Ruderman theorem by replacing the photons by the vector mesons.

This s-wave interaction couples the VB and PB channels with total spin 1/2 only, thus the

only the results with Jπ = 1/2− discussed in the previous subsection get affected by the

PB-VB coupling and the results for Jπ = 3/2− remain unchanged. Indeed the calculations

done within a different formalism in Ref. [22] shows that the PB-VB coupling does very

little to the 3/2− VB channels and is more important in the Jπ = 1/2− case.

The amplitudes for the VB systems with isospin 0, coupled to PB channels are shown in

Fig. 3, where the results corresponding to uncoupled PB-VB systems are shown by a dotted

17
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(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D 84, 094018 (2011); [arXiv:1107.0574 
[nucl-th]].)

n Some resonances are well known as dynamically 
generated ones in PB systems: eg., Λ(1405), Λ(1670).

Refs: (i) R. H. Dalitz and S. F. Tuan, Phys. Rev. Lett. 2, 425 (1959). 
(ii)   E. Oset and A. Ramos, Nucl. Phys. A635, 99–120 (1998). 
(iii)  D. Jido, T. Sekihara, Y. Ikeda, T. Hyodo, Y. Kanada-En’yo, E. Oset, Nucl. Phys. A835, 59-66 (2010).
(iv)  D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003) [nucl-th/0303062]
(v)   Y. Ikeda, T. Hyodo and W. Weise, Phys. Lett. B 706, 63 (2011) [arXiv:1109.3005 [nucl-th]].
 (vi) T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012) [arXiv:1104.4474 [nucl-th]].
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(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D 84, 094018 (2011); 
[arXiv:1107.0574 [nucl-th]].)

4.3. Resonance in the scattering amplitude
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Figure 4.6: Poles in the complex z plane. Here we plot the absolute value of the T-matrix
amplitudes of K̄N ⇤ K̄N with I = 0.
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Figure 4.7: Poles in the complex z plane. Here we plot the absolute value of the T-matrix
amplitude of �N ⇤ �N with I = 1/2.

z = 1495.89� 31.29i , (4.3.7)

which corresponds to the N(1535) resonance.

Next we calculate residues of the poles,

lim
z�zR

[(z � zR)Tij(z)] ⇥ lim
z�zR

⇤
(z � zR)

gigj

z � zR
+ (z � zR)TBG

ij

⌅

⇥ lim
z�zR

�
gigj + (z � zR)TBG

ij

⇥

⇥ gigj . (4.3.8)

53

Ref: Jido,Oller,Oset,Ramos, Meissner, NPA 725 (203) 181.

What is known about Λ(1405), Λ(1670)?
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Channels:

n Can these VB channel bring any new information regarding 
the properties of the Λ(1405), Λ(1670)?    

PB channels  Mass (MeV) VB channels Mass (MeV)
KN 1435 K*N 1831
πΣ 1330 ρΣ 1963
ηΛ 1663 ωΛ 1898

KΞ 1814 ΦΛ 2136

K*Ξ 2210

Coupling Pseudoscalar and Vector Mesons to Baryon resonances
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Energy

From basics: QM two level problem

And the higher energy level 
could get wider.
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VB → VB
(t-channel)

VB → PB
(Contact term)

PB →VB
(extension of Kroll-Ruderman term 
γ ➩ V  in γ N  → π N and introducing 
it in the non-linear sigma model)

PB → PB
(t-channel)

II. INTERACTIONS

The purpose of the present paper is to study the PB-VB coupled channel interaction

with the motivation to find dynamical generation of resonances in such systems. For this

purpose, it is reasonable to consider that the relative motion in the meson-baryon system is

dominantly in s-wave. The new development of this work is the inclusion of the transition

between PB and VB systems in s-wave. This is done by using the KR theorem to write

the Lagrangian for the γN → πN process and by replacing the γ by a vector meson via

the notion of the vector meson dominance. To show this procedure we start with the πN

Lagrangian from the Gell-Mann-Levi’s linear sigma model,

LπN = ψ̄ [iγµ∂µ − gπNN (σ + i&τ .&πγ5)]ψ, (1)

and define

fU5 = σ + i&τ .&πγ5, (2)

with

U5 = ξ25 = e(i"τ ·"π/f)γ5 , (3)

where f is the field length

f =
(

σ2 + &π2
)1/2

. (4)

Further, considering the non-linear constraint

f 2 → f 2
π , (5)

where fπ = 93 MeV is the pion decay constant, we can rewrite the Lagrangian in Eq.(1) as

LπN = ψ̄ [iγµ∂µ − gπNNfπξ5ξ5]ψ.

= N̄ξ†5i/∂ξ
†
5N − gπNNfπN̄N, (6)

where to obtain the last expression we have defined ξ5ψ ≡ N , ψ̄ξ5 ≡ N̄ (which implies

ψ = ξ†5N , ψ̄ = N̄ξ†5). Subsequently, expanding ξ5 in Eq.(6) up to one pion field and

introducing a vector meson field as a gauge boson of the hidden local symmetry

i/∂ −→ i/∂ − g/ρ, (7)
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4

we obtain

LπNρN = −i
g

2fπ
N̄ [π, ρµ] γµγ5N

→ −i
ggA
2fπ

N̄ [π, ρµ] γµγ5N, (8)

where π = $τ · π and ρ = $τ ·
ρ

2
. In the last expression above we have introduced an arbitrary

value of the nucleon axial coupling constant gA, which was unity (gA = 1) in the Gell-Mann-

Levi’s linear sigma model. Thus, Eq. (8) with gA is the general Lagrangian for πN → ρN

to the leading order in the soft meson regime.

Next, generalizing the Lagrangian in Eq. (8) for the SU(3) case, we get

LPBV B =
−ig

2fπ

(

F 〈B̄γµγ5 [[P, Vµ] , B]〉+D〈B̄γµγ5 {[P, Vµ] , B}〉
)

, (9)

where the trace 〈...〉 has to be calculated in the flavor space and F = 0.46, D = 0.8 such

that F + D % gA = 1.26. The ratio D/(F + D) ∼ 0.63 here is close to the quark model

value of 0.6, and the empirical values of F and D can be found, for example, in Ref. [22].

In our normalization scheme, the SU(3) matrices for the pseudoscalar (P ) and vector

mesons (V ) are written as

V =
1

2
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(10)

and for the baryon (B)
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The Lagrangian in Eq. (9) leads to the amplitude

V PBV B
ij = i

√
3

g

2fπ
CPBV B

ij , (12)
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to the leading order in the soft meson regime.

Next, generalizing the Lagrangian in Eq. (8) for the SU(3) case, we get

LPBV B =
−ig

2fπ

(

F 〈B̄γµγ5 [[P, Vµ] , B]〉+D〈B̄γµγ5 {[P, Vµ] , B}〉
)

, (9)

where the trace 〈...〉 has to be calculated in the flavor space and F = 0.46, D = 0.8 such

that F + D % gA = 1.26. The ratio D/(F + D) ∼ 0.63 here is close to the quark model

value of 0.6, and the empirical values of F and D can be found, for example, in Ref. [22].

In our normalization scheme, the SU(3) matrices for the pseudoscalar (P ) and vector

mesons (V ) are written as

V =
1

2


















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√
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√
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√
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√
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√
2K∗−

√
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√
2φ





















, P =
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
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


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3
η
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√
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3
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√
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√
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√
2K̄0 −2√

3
η





















(10)

and for the baryon (B)

B =























1√
6
Λ+ 1√

2
Σ0 Σ+ p

Σ− 1√
6
Λ− 1√

2
Σ0 n

Ξ− Ξ0 −
√

2
3Λ























. (11)

The Lagrangian in Eq. (9) leads to the amplitude

V PBV B
ij = i

√
3

g

2fπ
CPBV B

ij , (12)

5

SU(3)
F = 0.46, D = 0.8

introduce the v-meson 
as the gauge boson of 

the HLS

= 6

Coupling Pseudoscalar and Vector Mesons to Baryon resonances
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PB-VB coupled systems: Results on low-lying resonances

3.2. Strangeness −1 PB-VB coupled systems
Strangeness −1 is probably the most explored sector when it comes to discussing the dynamically
generated resonances. Starting from the work of Dalitz [34] to more recent studies reported in
Refs. [19, 20, 21, 35, 36, 37], strangeness −1 systems have been the center of attention when
looking for resonances. There are at least two low-lying resonances which are good candidates for
qualifying as the dynamically generated resonances in PB systems. However, these resonances
have not been coupled to the vector meson-baryon systems. We made such a study within the
formalism explained in the previous section (see Ref. [26] for more details). We found that the
known properties of these resonances, i.e., the corresponding pole positions, their coupling to
different PB channels and the PB amplitudes on the real axis, did not change much by coupling
the VB channels. However, we found that the low-lying resonances couple very strongly to the
heavy, closed VB channels. It is important to mention here that the large couplings of the
low-lying Λ’s to the VB channels found in our work do not imply the presence of a large fraction
of the VB component in the wave function of these resonances since the large mass difference
between the two would suppress it. Therefore, the interpretation of the low-lying Λ’s as PB
molecular states does not change. However, our findings could have some implications on, for
example, the photoproduction of the Λ resonances where the production mechanism proceeding
through the exchange of a vector meson could become important [38]. This should be verified
in future.

We show the pole positions for the low-lying resonances and their couplings to the different
PB and VB channels for both uncoupled as well as coupled case (which corresponds to the KR
coupling 6 between the PB and VB channels [26]) in Table 1. As can be seen from this table,
the couplings of the poles to the VB channels is null when the latter ones are not coupled to
PB, while a very large coupling gets developed on coupling both systems. The larger couplings
of the poles to various VB channels have been highlighted by boldfacing them in Table 1.

Table 1. gi couplings of low-lying resonances to the PB and VB channels for different strengths
of the coupling between PB-VB systems: 0 indicates no coupling between the two and 6 indicates
fully coupled PB-VB systems (see [26] for more details).

Λ(1405) Λ(1670)
Pole1 Pole2

PB-VB 0 6 0 6 0 6
coupling
MR − iΓ/2 → 1377 − i63 1357 − i53 1430 − i15 1412 − i11 1767 − i25 1744 − i28
(MeV)
Channels ↓ Couplings (gi) of the poles to the different channels
K̄N 1.4− i1.6 1.1− i1.4 2.4 + i1.1 2.8 + i0.5 0.2 − i0.5 0.3− i0.6
πΣ −2.3 + i1.4 −2.2 + i1.4 −0.2− i1.4 −0.2− i1.1 0.1 + i0.2 0.1 + i0.3
ηΛ 0.2− i0.7 0.1− i0.6 1.3 + i0.3 1.5 + i0.1 −1.0 + i0.3 −1.0 + i0.3
KΞ −0.4 + i0.4 −0.6 + i0.4 0.0− i0.3 0.0− i0.3 3.2 + i0.3 3.4 + i0.2
K̄∗N 0.0 + i0.0 −1.7 + i0.7 0.0 + i0.0 − 0.1− i5.3 0.0 + i0.0 −0.3 + i1.1
ωΛ 0.0 + i0.0 −0.7− i0.3 0.0 + i0.0 0.2− i1.8 0.0 + i0.0 0.1− i0.1
ρΣ 0.0 + i0.0 1.3+ i6.8 0.0 + i0.0 −2.4− i1.6 0.0 + i0.0 0.3− i3.5
φΛ 0.0 + i0.0 1.0 + i0.5 0.0 + i0.0 −0.3 + i2.6 0.0 + i0.0 −0.2 + i0.1
K∗Ξ 0.0 + i0.0 1.3+ i5.7 0.0 + i0.0 −2.0− i0.5 0.0 + i0.0 0.5− i1.2

Further, although our purpose was to study low-lying resonances first, for which we relied on
the t-channel exchange to calculate PB → PB and VB → VB amplitudes, to draw any concrete
conclusion about higher mass resonances, we should take into account a more complete VB →

H*
M

B
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FIG. 4: Isospin 0 amplitudes of the PB and VB systems for the energy ≤ 1900 MeV. The

purpose of the inset figures is to show the structure of the amplitudes hidden in the

corresponding large figures due to their smaller magnitudes.
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purpose of the inset figures is to show the structure of the amplitudes hidden in the

corresponding large figures due to their smaller magnitudes.
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PB-VB coupled systems: Results
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Vector Meson-Baryon interactions:  Results

 Isospin 1

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(i) 1822 - i16

(ii) 1873 - i88

(iii) 1936 - i132

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(i) 1822 - i16

(ii) 1873 - i88

(iii) 1936 - i132

Real axis: 1800, Γ =32
Strongly coupled to: ηΣ

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(i) 1822 - i16

(ii) 1873 - i88

(iii) 1936 - i132

Real axis: 1800, Γ =32
Strongly coupled to: ηΣ

Σ (1750) 1/2-

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(i) 1822 - i16

(ii) 1873 - i88

(iii) 1936 - i132

Real axis: 1800, Γ =32
Strongly coupled to: ηΣ

Σ (1750) 1/2-

Σ (2000) 1/2-

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


Vector Meson-Baryon interactions:  Results

 Isospin 1

(i) 1822 - i16

(ii) 1873 - i88

(iii) 1936 - i132

Real axis: 1800, Γ =32
Strongly coupled to: ηΣ

Σ (1750) 1/2-

Σ (2000) 1/2-
Real axis: 1 peak

(K. P. Khemchandani, A. M. Torres, H. Kaneko, H. Nagahiro, A. Hosaka, PHYSICAL REVIEW D85 (2012) 114020; arXiv:1203.6711.

jueves 29 de noviembre de 12

http://arXiv.org/abs/arXiv:1203.6711
http://arXiv.org/abs/arXiv:1203.6711


n The tree-level contributions from the contact term obtained from hidden 
gauge Lagrangian and from the s- and u- channel exchange diagrams are 
not negligible. 

n The resulting vector meson-baryon interaction is very spin-isospin 
dependent. This is something which should be expected when two particles 
with spin interact.

n Many low-lying resonances like Λ(1405) couple strongly to VB ➩ very 
useful information, for instance, to study photoproduction of Λ(1405)✝.

✝S. -i. Nam, J. -H. Park, A. Hosaka, H. -C. Kim, arXiv:0806.4029 [hep-ph].
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n Some resonance poles disappear (become unphysical). 

n Also new poles can appear.

n It is important to use these amplitudes to study relevant reactions 
(which have been studied experimentally.

Summary:
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