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๏ Embora a teoria de QCD é muito bem sucedida nas altas energias, ela é não perturbativa 
nas energias relevantes à física de hádrons. 

๏ Uma alternativa para estudar as interações entre  hádrons é considerar a teoria de 
campos  efetivo com graus de liberdade sendo os hádrons ( ao em vez de quarks). 

๏ Tipicamente: Considerar Lagrangianas baseadas nas simetrias de QCD relevantes a um 
dado sistema. 

EFFECTIVE FIELD THEORIES AND HADRON PHYSICS



๏ Informações importantes trazidas pelos estudos de hádrons: 

๏Formulação do modelo de quarks 

๏Foi o estudo de que trouxe a primeira indicação de existência do número 
quântico de cor. 

๏O estudo do J/ψ nos levou à descoberta de quark charm 

๏Panorama atual: 

Δ++

FÍSICA DE HÁDRONS:



FÍSICA DE HÁDRONS:

๏Nestes trabalhos observou-se um sinal de dois 

estados na massa invariante de  : 

 MeV e  MeV, 

  MeV e  MeV.


๏Os estados claramente não são !

D−K+ (cd̄ us̄)

X0(2866) : M = 2866 ± 7 Γ = 57,2 ± 12,9

X1(2900) : M = 2904 ± 5 Γ = 110,3 ± 11,5

qq̄



FÍSICA DE HÁDRONS:

๏Nestes trabalhos observou-se um sinal de um estado 

na massa invariante de  : 

 MeV com incerteza  keV, 

   keV.


๏Apenas possui decaimento fraco!

D*0D+ (cd̄ cū)

M = 3875.09 δmexp = − 360 ± 40+4
−0

Γ = 48 ± 2+0
−14



FÍSICA DE HÁDRONS:

๏Os estados ’s foram encontrados na massa invariante 

de  , produzidos no processo .

Pc

J/ψp Λ0
b → J/ψpK−



FÍSICA DE HÁDRONS:

๏Desafios atuais: 

๏Determinar as propriedades de hádrons exóticos. 

๏Porque certas configurações mostram hádrons exóticos de um dado tipo? 

๏Hádrons exóticos existem somente quando há presença de quarks pesados? 

๏Qual impacto de existência de hádrons exóticos em colisões de íons pesados, em 
colisões nucleares, etc.? 



FÍSICA DE HÁDRONS:

๏Large Hadron Collider (beauty experiment), Suíça (eventos de decaimento de B). Colisões de pp, ou ions pesados.  

๏Experimento BES no laboratório BEPC (Beijing electron proton collider), china 

๏Belle, Laboratório KEK (Tsukuba) Japão (electron proton collider), J-PARC (acelerador de proton), Japão (também 
no KEK), LEPS (Laser electron photon experiment at Spring8) 

๏Forschungszentrum Jülich (Cooler synchrotron, feixe de Proton/deuteron), Mainz Microtron (photon beams) 

๏ Jefferson lab (USA), feixe de elétrons, alvo núcleos 

๏ (Novos experimentos) (1)  anda (antiproton Annihilation at Darmstadt) (2) super-tau-charm factory 
(Novosibirsk).

P̄



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Além das descoberta dos , colaborações  LHCb e BaBar tem trazido informações sobre mésons  
na faixa de  2.4-3.0 GeV.  

๏Estruturas com a maior massa conhecida até agora, em torno de 3000 MeV, foram observadas pela 
Colaboração LHCb [JHEP 09, 145 (2013), PRD 94, no.7, 072001 (2016)].  

๏LHCb reporta a descoberta de um sinal em torno de 3000 MeV nos espectros de massa de 

 . A estrutura encontrada no espectro   é compatível com uma paridade não natural, enquanto o 

sinal nos espectros  parece ser compatível com uma atribuição de paridade natural.

X(2900) D(*)

D*+π−, D+π−,
D0π+ D*+π−

D+π−, D0π+



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Em um trabalho anterior (PRD 87, 034025) estudamos o sistema , resolvendo equações de espalhamento 

de Faddeev para: 

DKK̄
D0K+K−, D0K0K̄0, D0π+π−, D0π−π+, D0π0π0, D0π0η, D+K0K−, D+π−π0, D+π−η, D+π0π−

T = T 1 + T 2 + T 3

T i = ti�3(⇥k�
i � ⇥ki) + tig(T j + T k)

T 1 = + + +

+ + + ...

๏Para resolver calculamos as  amplitudes de 
input usando Lagrangianas chiral e de 
``heavy quark flavor, spin symmetry” para 
sistemas envolvendo D e mésons leves 
respectivamente.



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Lagrangiana chiral:

J.A. Oiler; E. Oset/Nuclear Physics A 620 (1997) 438-456 441 

L:! = &(a,@@ -@a,@)* + Md) ) (1) 

where the symbol ( ) indicates the trace in the flavour space of the W(3) matrices 
appearing in @ and M, f is the pion decay constant and the matrices @ and A4 are given 

by 

where in M we have taken the isospin limit (m, = md). From Eqs. (I) and (2) we can 
write the tree level amplitudes for Ki?‘, n-r and ~7 (we take 7 3 vg) 

a) 

b) 

c) 

d) 

e) 

f) 

s) 

h) 

i> 

j) 

k) 

1) 

m> 

K+(k)K-(p) -K+(k’)K-(p’) t,=---!---(s+t-2u+2m~), 
3P 

(3) 

Kqk)i?(p> -+ Ko(k’)P(p’) fb = t,, (it) 

K+(k)K-(p) --t @(k’)i?(p’) t, = it<,, (5) 

K+(k)K-(p) +%-+(k’)7r-(p’) td=--I-(,~+t-21(+m:+m~), 
6P 

(6) 

K+(k)K-(p) + ~“(k’)?ro(p’) ’ (2s-t-u+2m2,+2mi), t, = -- 
12f2 

(7) 

Ko(k)P(p) +n-+(k’)r-(p’) tf=--!--(s+u-2t+m2,+m$), 
6.f* 

(8) 

p(k)?(p) --t .Ir’(k’).R’(p’) t, = t,, (9) 

K+(k)R-(p) ---) r’(k’)v(p’) 
v5 

t,, = -- 
12f2 ( 

2s-t-u+~m?,-~m: , 
> 

(l(3) 

ti(k)ti(p) --+ ?r’(k’)v(p’) t; = -t,,, (11) 

T’(k)q(p) + TO(k’)v(p’) 
m2 

tj = -2, 
3f2 

(12) 

n-‘(k)n-O(p) + To(k 
m2 

tk = -L, 
f2 

(13) 

n+(k)r-(p) + To(k t.i = -I(2s - u - t+ mi), 
3f2 

( 13) 

n-+(k>n--(p) -r+(k’)r-(p’) t,,=-$(.s+t-2n+2m:), (15) 

๏Para sistemas de  dois mésons:

J.A. Oiler; E. Oset/Nuclear Physics A 620 (1997) 438-456 441 

L:! = &(a,@@ -@a,@)* + Md) ) (1) 

where the symbol ( ) indicates the trace in the flavour space of the W(3) matrices 
appearing in @ and M, f is the pion decay constant and the matrices @ and A4 are given 

by 

where in M we have taken the isospin limit (m, = md). From Eqs. (I) and (2) we can 
write the tree level amplitudes for Ki?‘, n-r and ~7 (we take 7 3 vg) 

a) 

b) 

c) 

d) 

e) 

f) 

s) 

h) 

i> 

j) 

k) 

1) 

m> 

K+(k)K-(p) -K+(k’)K-(p’) t,=---!---(s+t-2u+2m~), 
3P 

(3) 

Kqk)i?(p> -+ Ko(k’)P(p’) fb = t,, (it) 

K+(k)K-(p) --t @(k’)i?(p’) t, = it<,, (5) 

K+(k)K-(p) +%-+(k’)7r-(p’) td=--I-(,~+t-21(+m:+m~), 
6P 

(6) 

K+(k)K-(p) + ~“(k’)?ro(p’) ’ (2s-t-u+2m2,+2mi), t, = -- 
12f2 

(7) 

Ko(k)P(p) +n-+(k’)r-(p’) tf=--!--(s+u-2t+m2,+m$), 
6.f* 

(8) 

p(k)?(p) --t .Ir’(k’).R’(p’) t, = t,, (9) 

K+(k)R-(p) ---) r’(k’)v(p’) 
v5 

t,, = -- 
12f2 ( 

2s-t-u+~m?,-~m: , 
> 

(l(3) 

ti(k)ti(p) --+ ?r’(k’)v(p’) t; = -t,,, (11) 

T’(k)q(p) + TO(k’)v(p’) 
m2 

tj = -2, 
3f2 

(12) 

n-‘(k)n-O(p) + To(k 
m2 

tk = -L, 
f2 

(13) 

n+(k)r-(p) + To(k t.i = -I(2s - u - t+ mi), 
3f2 

( 13) 

n-+(k>n--(p) -r+(k’)r-(p’) t,,=-$(.s+t-2n+2m:), (15) 

๏Simetria de quarks pesados:   

๏onde ,  

e 

ℒ = DμHDμH† − M2
HHH†

DμH† = (∂μ + Γμ)H†, DμH = H( ∂ μ + Γ†
μ) Γμ =

1
2

(u†∂μu + u∂μu†), u2 = ei 2ϕ/f

H = (D0, D+, D+
s )



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Com as Lagrangianas resolvemos as equações de espalhamento de dois mésons que entram 
na equações de Faddeev como input.

T = T 1 + T 2 + T 3

T i = ti�3(⇥k�
i � ⇥ki) + tig(T j + T k)

T 1 = + + +

+ + + ...

๏No trabalho anterior vimos a interação de três mésons gera 
um estado com massa em torno de 2900 MeV e largura ~ 
60 MeV 

๏Motivados pelo interesse de grupos experimentais em 
explorar mésons com charm com  massa  próximo a 3000 
MeV, estudamos agora as propriedades de decaimento do 
mesmo.  



ALGUNS DE NOSSOS TRABALHOS RECENTES:

f0

D*0 /D*+/D*+
s

D(2900)0
D0

�0 /�� /K�

�0 /�� /K�

(a)

f0

D*s0(2317)+

D(2900)0
D0

K�

K�

(b)

P � k � q

k

P k + q

q

p

FIG. 1. Diagrams showing the decay of D(2900) to the di↵erent possible final states.

We have already mentioned that D(2900) and f0(980) can be interpreted as moleculelike

states. We would like to add that similar is the case of D⇤
s0(2317), which is interpreted as a

DK bound state within several model calculations [24–35], as well as from lattice QCD anal-

yses [36–38]. In such a situation, the vertices D(2900)0 ! D0f0(980), D⇤
s0(2317)

+ ! D0K+

and f0 ! ⇡0⇡0, ⇡+⇡�, K+K�, shown in Fig. 1, can be all written in terms of their respec-

tive couplings (summarized in Table I), together with the e↵ective fields related to each of

the mesons involved in the vertex. In Table I, we provide the couplings obtained from model

calculations and compare them with those extracted from the experimental data or lattice

simulations, when available. It can be seen that the values coming from the model calcu-

lations are in good agreement with the information known from the experimental/lattice

data.

The coupling of the state D(2900)0 ! D0f0(980), given in Table I, is calculated using

the method followed in Refs. [41, 42], where the two-body amplitude is assumed to be

proportional to the three-body amplitude near the peak region. Following these former

works, we can write TDf0 = ↵T
D[KK̄]

I=0

, where ↵ is a proportionality constant, which can

be determined using the unitarity condition for the Df0 scattering amplitude

Im
�
T�1
Df0

 
=

|~pDf0 |
8⇡

p
sDf0

, (1)

with ~pDf0 being the center of mass momentum and
p
sDf0 is taken as the mass of D(2900).

Using Eq. (1) and the three-body amplitude of Ref. [18], we can determine the relation

6

TABLE I. Couplings for the di↵erent vertices appearing in Fig. 1. We give the values obtained

from model calculations as well as those determined from the available experimental data or lattice

computations.

Vertex Model couplings (MeV) Experimental/lattice couplings

D(2900)0 ! D0f0(980) (7259.63� i667.579) [18] –

f0 ! ⇡0⇡0 � 1p
3
(597.99� i2028.5) [40]

1p
2

�
�1430± 10+10

�60
+30
�600

�
[39]

f0 ! ⇡+⇡� � 1p
3
(597.99� i2028.5) [40] �1430± 10+10

�60
+30
�600 [39]

f0 ! K+K� 1p
2
(3894.91 + i1328.01) [40] 3760± 40+150

�80
+1160
�480 [39]

D⇤
s0(2317)

+ ! D0K+
� 1p

2
(9080± 2530) [29]

1p
2
(12600± 1500) [37]

(in agreement with [28, 30, 31])

between the e↵ective Df0 amplitude and T
D[KK̄]

I=0

. Further, assuming a Breit-Wigner form

for the Df0 amplitude, we can then determine the coupling gDf0 as

g2
Df0

= ↵ iMD(2900) �D(2900) TD[KK̄]
I=0

. (2)

Using the value of the three-body amplitude, at the peak position, T
D[KK̄]

I=0

, we get gDf0 =

(7259.63� i667.579) MeV.

Considering now the value of gDf0 , we can calculate the width of D(2900) through

�D(2900) =
1

8⇡

|~pDf0 |
M2

D(2900)

|gDf0 |2, (3)

and obtain a width of the order of 55 MeV, which indeed coincides with the value determined

in Ref. [18].

To calculate the diagram in Fig. 1a, we also require the following Lagrangian for the

vector-pseudoscalar-pseudoscalar (VPP) vertex:

LV PP = �igV PP hVµ [P, @µP ]i

= �i IV PP gV PP Vµ (�L@
µ�H � �H@

µ�L) , (4)

7
We can now write the amplitude for the diagram in Fig. 1a, using the relation iL = �it,

as

ita =

Z
d4q

(2⇡)4
itD(2900)0!D0f0itf0!P1P2itV PP

i

(k + q)2 �m2
D

i

(P � k � q)2 �m2
f0

i

q2 �m2
P1

= �
Z

d4q

(2⇡)4
gD(2900)0!D0f0 gf0!P1P2 [IV PP gV PP ✏µ (k) (kµ + 2qµ)]
⇥
(k + q)2 �m2

D

⇤ ⇥
(P � k � q)2 �m2

f0

⇤ ⇥
q2 �m2

P1

⇤ , (9)

where mP1 is the mass of the pseudoscalar meson with the momentum q. Using the Lorenz

condition, the amplitude for the process becomes,

ta = 2i gD(2900)0!D0f0 gf0!P1P2 IV PP gV PP ✏µ (k)

(Z
d4q

(2⇡)4
qµ⇥

(k + q)2 �m2
D

⇤

⇥ 1⇥
(P � k � q)2 �m2

f0

⇤ ⇥
q2 �m2

P1

⇤
)
, (10)

with the values of IV PP given in Table II. Further, following the Passarino-Veltman reduc-

tion for tensor integrals, we can write

ta = 2i gD(2900)0!D0f0 gf0!P1P2 IV PP gV PP ✏µ (k)

⇢
a kµ + b P µ

�
, (11)

out of which, only the second term survives, once again, due to the Lorenz condition. Hence,

we do not need to find the coe�cient a but we need to determine b. For this, let us call the

integral in Eq. (10) [which is equal to the terms in the curly bracket in Eq. (11)] as Iµ. Then,

we can get a set of equations by contracting the integral with the di↵erent four vectors

k · I = a k2 + b k · P

P · I = a P · k + bP 2, (12)

which leads to

b =
P · k k · I � k2 P · I

(k · P )2 � k2P 2
, (13)

where

k · I =

Z
d4q

(2⇡)4
k · q⇥

(k + q)2 �m2
D

⇤ ⇥
(P � k � q)2 �m2

f0

⇤ ⇥
q2 �m2

P1

⇤ ,

P · I =

Z
d4q

(2⇡)4
P · q⇥

(k + q)2 �m2
D

⇤ ⇥
(P � k � q)2 �m2

f0

⇤ ⇥
q2 �m2

P1

⇤ . (14)

9

Amplitude

Passarino Veltman reduction 



ALGUNS DE NOSSOS TRABALHOS RECENTES:

III. RESULTS AND DISCUSSIONS

Having calculated the amplitudes, we can determine the partial decay widths of D(2900)

using Eq. (3). Before showing the results, we must discuss the uncertainties present in

the formalism. Among the couplings given in Table. I, besides taking the uncertainty on

the value for D⇤
s0(2317)

+ ! D0K+ from Ref. [29], we consider a 10% error on the other

couplings too. Such an error on the D(2900)0 ! D0f0(980) coupling is consistent with

varying the width of D(2900) in 55 ± 10 MeV. Additionally, we take the mass for D(2900)

in the range 2900 ± 50 MeV and for f0(980) as 990 ± 20 MeV [23]. To take into account

all the uncertainties, random numbers are generated within the range of all the inputs and

mean values as well as standard deviations on the results are evaluated.

The results obtained are given in Table III. It can be seen that the decay width to a

TABLE III. Partial widths of D(2900) to the main two-body decay channels.

Decay channel Decay width (MeV)

D⇤0⇡0 0.18± 0.04

D⇤+⇡� 0.35± 0.07

D⇤+
s K� 0.44± 0.10

D⇤
s0(2317)

+K� 18.33± 7.25

D⇤
s0(2317)

+K� final state is the largest of all, it turns out to be about 40-100 times bigger

than the widths to the other channels. Such findings imply that D⇤
s0(2317)

+K�, rather than

D⇤⇡ analyzed in Ref. [2], should be a far more promising channel to look for a signal of

D(2900) which is a Df0(980) moleculelike state.

We would now like to discuss that the mechanisms of decay of D(2900) to final states like

D⇤⇢, D⇢, D⇤
2(2460)⇡, D

⇤
1(2600)⇡ involve higher order loops, due to the Df0(980) molecular

nature ofD(2900). We show some examples in Fig. 3 of the decay processes to the mentioned

final states. Similar will be the mechanisms to yet other channels, like D⇤!, D!. Such

mechanisms imply a suppressed partial widths to such channels. Thus, our state can be

distinguished from the states predicted within the quark model calculations [5–16]. We

hope that our present study can be useful in investigation of charm meson in the region

around 3000 MeV.

12

f0

D*0 /D*+/D*+
s

D(2900)0
D0

�0 /�� /K�

�0 /�� /K�

(a)

f0

D*s0(2317)+

D(2900)0
D0

K�

K�

(b)

P � k � q

k

P k + q

q

p

FIG. 1. Diagrams showing the decay of D(2900) to the di↵erent possible final states.

We have already mentioned that D(2900) and f0(980) can be interpreted as moleculelike

states. We would like to add that similar is the case of D⇤
s0(2317), which is interpreted as a

DK bound state within several model calculations [24–35], as well as from lattice QCD anal-

yses [36–38]. In such a situation, the vertices D(2900)0 ! D0f0(980), D⇤
s0(2317)

+ ! D0K+

and f0 ! ⇡0⇡0, ⇡+⇡�, K+K�, shown in Fig. 1, can be all written in terms of their respec-

tive couplings (summarized in Table I), together with the e↵ective fields related to each of

the mesons involved in the vertex. In Table I, we provide the couplings obtained from model

calculations and compare them with those extracted from the experimental data or lattice

simulations, when available. It can be seen that the values coming from the model calcu-

lations are in good agreement with the information known from the experimental/lattice

data.

The coupling of the state D(2900)0 ! D0f0(980), given in Table I, is calculated using

the method followed in Refs. [41, 42], where the two-body amplitude is assumed to be

proportional to the three-body amplitude near the peak region. Following these former

works, we can write TDf0 = ↵T
D[KK̄]

I=0

, where ↵ is a proportionality constant, which can

be determined using the unitarity condition for the Df0 scattering amplitude

Im
�
T�1
Df0

 
=

|~pDf0 |
8⇡

p
sDf0

, (1)

with ~pDf0 being the center of mass momentum and
p
sDf0 is taken as the mass of D(2900).

Using Eq. (1) and the three-body amplitude of Ref. [18], we can determine the relation

6



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Embora estudos de hádrons com charm e bottom são de interesse central  atualmente, existe escassez de dados sobre 
as propriedades dos núcleons. 

๏Estudar o espectro de núcleon é difícil porque conforme a energia cresce os estados ficam mais largos e a 
identificação do mesmo nos dados experimentais é um desafio.  

๏Existem varias questões intrigantes, como a inversão de massa de primer estado excitado de  e : 

. 

๏Outro exemplo é , que é o estado com maior massa conhecida, com spin-paridade . No modelo quark os 
estados com   são  e depois outro com massa ~2100 MeV. 

N Λ
N*(1535) − Λ(1405)

N*(1895) 1/2−

1/2− N*(1535)



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Nosso analise mostra que  é um estado gerado a partir das interações de méson 
bárion. 

๏Curiosamente a massa de  é muito próxima ao limiar de , o decaimento 

 pode ser importante.  

๏E pode afetar as seções de choque de .  

N*(1895)

N*(1895) KΛ(1405)
N*(1895) → KΛ(1405)

γp → KΛ(1405)



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Nos estudamos a taxa de transição para . 

๏Tipos de Lagrangianas usadas:  

๏Chiral:  com 

; 

N*(1895) → KΛ(1405)

ℒPB = ⟨B̄iγμ∂μB + B̄iγμ[Γμ, B]⟩ − MB⟨B̄B⟩ +
1
2

D′ ⟨B̄γμγ5{uμ, B}⟩ +
1
2

F′ ⟨B̄γμγ5[uμ, B]⟩ uμ = iu†∂μUu†,

Γμ =
1
2 (u†∂μu + u∂μu†), U = u2 = exp (i

P
fP ) D′ = 0.8, F′ = 0.46

scattering in the systems. Toward the end of the same section, we discuss the idea of carrying

out a �
2-fit, the parameters of the fit, and the data to be considered in the fit. In Sec. III we

discuss the details on the results of the fits obtained. The properties of the resonances found

in our study are also given in Sec. III, by categorizing them in di↵erent subsections on the

basis of their spins and isospins. Finally, we present a summary of the work.

II. FORMALISM

The problem of hadron scattering gets typically more and more complex as the energy

region to be scanned involves opening of more and more thresholds to possible coupled

channels. To study hyperon resonances arising from hadron dynamics, with mass up to about

2 GeV, we implement a nonperturbative unitarization method by treating crossed-channel

dynamics perturbatively as developed in Refs. [3, 42, 43]. There is a connection with this

method and solving the Bethe-Salpeter equation for contact interactions [2, 44]. We take into

account pseudoscalar- and vector-baryon channels, motivated by the fact that the thresholds
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TABLE I. The poles related to N
⇤(1895), ⇤(1405) and ⌃(1400) as obtained in Refs. [2, 30]. Notice

that two poles are associated with N
⇤(1895) and ⇤(1405).

State Pole position (MeV)

E � i�/2

N
⇤(1895) 1801� i96 1912� i54

⇤(1405) 1385� i124 1426� i15

⌃(1400) 1399� i36

ing these couplings, the partial decay widths of N⇤(1895) to di↵erent pseudoscalar/baryon

channels can be calculated in a straightforward way. The calculation of the amplitudes,

and, consequently, the decay widths, for the processes N
⇤+(1895) ! K

+⇤(1405) and

N
⇤+(1895) ! K

+⌃0(1400) is more complex, as we discuss in the following section.

B. Decay amplitudes of N
⇤(1895) ! K⇤(1405), K⌃(1400)

Based on the properties found in Refs. [2, 30] for N
⇤(1895), ⇤(1405) and ⌃(1400), the

decay processes N⇤(1895) ! K⇤(1405), K⌃(1400) proceed through the diagrams shown in

Fig. 1.
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FIG. 1. Diagrams contributing to N
⇤+ ! K

+
H

⇤, where H
⇤ refers to ⇤(1405) or ⌃0(1400).
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ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Hidden local symmetry 

 

com ; 
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momentum in the lth channel and Aij, Bij, Cij are isospin coe�cients for di↵erent processes.
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where the subscript 8 (0) denotes the octet (singlet) part of the wave function of the vector

meson (relevant in the case of ! and �), V µ⌫ represents the tensor field of the vector mesons,
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and V
µ is the SU(3) matrix for the (physical) vector mesons,

V
µ =

1

2

0

BBB@

⇢
0 + !

p
2⇢+

p
2K⇤+

p
2⇢� �⇢

0 + !
p
2K⇤0

p
2K⇤�

p
2K̄⇤0

p
2�

1

CCCA

µ

. (8)

In Eq.(6), the coupling g is related to the vector meson decay constant, fv through the
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ALGUNS DE NOSSOS TRABALHOS RECENTES:

LN!PB ¼ igPBN!B̄N!P†;

LN!VB ¼ −i
gVBN!

ffiffiffi
3

p B̄γ5γμN!Vμ† ;

LPBH! ¼ gPBH!PH̄!B;

LVBH! ¼ i
gVBH!

ffiffiffi
3

p VμH̄!γμγ5B: ð4Þ

236237 The field H! in Eqs. (4) represents Σð1400Þ or Λð1405Þ,
238 and the couplings gPBN! , gVBN! , gPBH! , gVBH! are taken
239 from Refs. [2,30]. The factor

ffiffiffi
3

p
in the Lagrangians for the

240 vertices involving a vector meson is due to the fact that the
241 Breit-Wigner amplitudes in Refs. [2,30], for spin 1=2 of the
242 VB system, are written in terms of the gVBB! couplings as

TVB→B!→V0B0 ≡ ðigVBB! Þ 1ffiffiffi
s

p
−MB! þ iΓB!=2

ð−igV0B0B! Þ:

ð5Þ

243244 Note that Eq. (4) leads to a spin dependent VB → VB
245 amplitude

TVB→B!→V0B0 ¼ 1

3

g2VBB!ffiffiffi
s

p
−MB! þ iΓB!=2

σ⃗ · ϵ⃗2σ⃗ · ϵ⃗1; ð6Þ

246247 such that, when projected on spin 1=2, it becomes

Ts¼1=2
VB→B!→V0B0 ¼

g2VBB!ffiffiffi
s

p
−MB! þ iΓB!=2

; ð7Þ

248249 in agreement with Eq. (5).
250 Having discussed the Lagrangians for the different
251 vertices necessary to describe the decay of N!ð1895Þ to
252 KþH!0, we can now start calculating the amplitudes for the
253 different diagrams shown in Fig. 1. We begin by writing the
254 amplitude for the diagram in Fig. 1(a)

ta ¼ i
X

j

gVBH!;jgPBN!;jgPPVCjūH! ðpÞγνγ5

×
Z

d4q
ð2πÞ4

" ð=P − =kþ =qþmBjÞ
ðP − kþ qÞ2 −m2

Bj þ iϵ

×
ð−gνμ þ qνqμ

m2
Vj
Þ

q2 −m2
Vj þ iϵ

ð2k − qÞμ
ðk − qÞ2 −m2

Pj þ iϵ

#
uN! ðPÞ; ð8Þ

255256where we have followed the four momentum attribution
257shown in Fig. 2. The summation over the index j, in Eq. (8),
258refers to considering different three hadron channels in the
259triangle loop which can contribute to the diagram in
260Fig. 1(a). The list of such three-hadrons channels is given
261in Table IV in the Appendix A. Further, the constant Cj in
262Eq. (8) is a coefficient obtained by performing the trace in
263Eq. (2) for the VPP vertex and mBj, mVj, mPj are the
264masses of the baryon, vector, and pseudoscalar meson,
265respectively, corresponding to the jth channel in the
266triangular loop. The values of the Cj coefficients are also
267given in Table IV in the Appendix A for each three-hadron
268loop present in the diagram of Fig. 1(a).
269The product of the spinors, gamma matrices, and the
270numerator of the expression within the curly brackets in
271Eq. (8) can be worked out as

272273

NaðqÞ ¼ ð4k · p − 2p · q − q2ÞūH! ðpÞγ5uN! ðPÞ − 2ðMH! þmBjÞūH! ðpÞ=kγ5uN! ðPÞ

× ðMH! þmBjÞūH!ðpÞ=qγ5uN! ðPÞ þ 2ūH!ðpÞ=k=qγ5uN!ðPÞ þ
$
2k · q − q2

m2
vj

%

× ½ðMH! þmBjÞūH!ðpÞ=qγ5uN! ðPÞ − ð2p · qþ q2ÞūH! ðpÞγ5uN!ðPÞ'; ð9Þ

274275 withMH! denoting the mass ofH!. The integration on dq0 in Eq. (8) can be done analytically by using Cauchy’s theorem. It
276 is then convenient to rewrite Eq. (9) showing its explicit dependence on q0. By doing so Eq. (8) becomes

ta ¼ i
X

j

gVBH!;jgPBN!;jgPPVN H!N N!Cj
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"
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$X4
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#

×
1

½ðP − kþ qÞ2 −m2
Bj þ iϵ'½q2 −m2

vj þ iϵ'½ðk − qÞ2 −m2
pj þ iϵ'

; ð10Þ

277278 where χ†, χ correspond to the two-component spinors of H! and N!, respectively. The factors NH! , N N! in Eq. (10) are
279 related to the normalization of the Dirac spinors for H! and N!
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248249 in agreement with Eq. (5).
250 Having discussed the Lagrangians for the different
251 vertices necessary to describe the decay of N!ð1895Þ to
252 KþH!0, we can now start calculating the amplitudes for the
253 different diagrams shown in Fig. 1. We begin by writing the
254 amplitude for the diagram in Fig. 1(a)

ta ¼ i
X

j

gVBH!;jgPBN!;jgPPVCjūH! ðpÞγνγ5
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255256where we have followed the four momentum attribution
257shown in Fig. 2. The summation over the index j, in Eq. (8),
258refers to considering different three hadron channels in the
259triangle loop which can contribute to the diagram in
260Fig. 1(a). The list of such three-hadrons channels is given
261in Table IV in the Appendix A. Further, the constant Cj in
262Eq. (8) is a coefficient obtained by performing the trace in
263Eq. (2) for the VPP vertex and mBj, mVj, mPj are the
264masses of the baryon, vector, and pseudoscalar meson,
265respectively, corresponding to the jth channel in the
266triangular loop. The values of the Cj coefficients are also
267given in Table IV in the Appendix A for each three-hadron
268loop present in the diagram of Fig. 1(a).
269The product of the spinors, gamma matrices, and the
270numerator of the expression within the curly brackets in
271Eq. (8) can be worked out as
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274275 withMH! denoting the mass ofH!. The integration on dq0 in Eq. (8) can be done analytically by using Cauchy’s theorem. It
276 is then convenient to rewrite Eq. (9) showing its explicit dependence on q0. By doing so Eq. (8) becomes
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236237 The field H! in Eqs. (4) represents Σð1400Þ or Λð1405Þ,
238 and the couplings gPBN! , gVBN! , gPBH! , gVBH! are taken
239 from Refs. [2,30]. The factor
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in the Lagrangians for the

240 vertices involving a vector meson is due to the fact that the
241 Breit-Wigner amplitudes in Refs. [2,30], for spin 1=2 of the
242 VB system, are written in terms of the gVBB! couplings as

TVB→B!→V0B0 ≡ ðigVBB! Þ 1ffiffiffi
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p
−MB! þ iΓB!=2
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Ts¼1=2
VB→B!→V0B0 ¼
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248249 in agreement with Eq. (5).
250 Having discussed the Lagrangians for the different
251 vertices necessary to describe the decay of N!ð1895Þ to
252 KþH!0, we can now start calculating the amplitudes for the
253 different diagrams shown in Fig. 1. We begin by writing the
254 amplitude for the diagram in Fig. 1(a)
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255256where we have followed the four momentum attribution
257shown in Fig. 2. The summation over the index j, in Eq. (8),
258refers to considering different three hadron channels in the
259triangle loop which can contribute to the diagram in
260Fig. 1(a). The list of such three-hadrons channels is given
261in Table IV in the Appendix A. Further, the constant Cj in
262Eq. (8) is a coefficient obtained by performing the trace in
263Eq. (2) for the VPP vertex and mBj, mVj, mPj are the
264masses of the baryon, vector, and pseudoscalar meson,
265respectively, corresponding to the jth channel in the
266triangular loop. The values of the Cj coefficients are also
267given in Table IV in the Appendix A for each three-hadron
268loop present in the diagram of Fig. 1(a).
269The product of the spinors, gamma matrices, and the
270numerator of the expression within the curly brackets in
271Eq. (8) can be worked out as
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274275 withMH! denoting the mass ofH!. The integration on dq0 in Eq. (8) can be done analytically by using Cauchy’s theorem. It
276 is then convenient to rewrite Eq. (9) showing its explicit dependence on q0. By doing so Eq. (8) becomes
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236237 The field H! in Eqs. (4) represents Σð1400Þ or Λð1405Þ,
238 and the couplings gPBN! , gVBN! , gPBH! , gVBH! are taken
239 from Refs. [2,30]. The factor
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in the Lagrangians for the

240 vertices involving a vector meson is due to the fact that the
241 Breit-Wigner amplitudes in Refs. [2,30], for spin 1=2 of the
242 VB system, are written in terms of the gVBB! couplings as
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NaðqÞ ¼ ð4k · p − 2p · q − q2ÞūH! ðpÞγ5uN! ðPÞ − 2ðMH! þmBjÞūH! ðpÞ=kγ5uN! ðPÞ

× ðMH! þmBjÞūH!ðpÞ=qγ5uN! ðPÞ þ 2ūH!ðpÞ=k=qγ5uN!ðPÞ þ
$
2k · q − q2

m2
vj

%

× ½ðMH! þmBjÞūH!ðpÞ=qγ5uN! ðPÞ − ð2p · qþ q2ÞūH! ðpÞγ5uN!ðPÞ'; ð9Þ

274275 withMH! denoting the mass ofH!. The integration on dq0 in Eq. (8) can be done analytically by using Cauchy’s theorem. It
276 is then convenient to rewrite Eq. (9) showing its explicit dependence on q0. By doing so Eq. (8) becomes

ta ¼ i
X

j

gVBH!;jgPBN!;jgPPVN H!N N!Cj

Z
d4q
ð2πÞ4

"
χ†
$X4

i¼0

Ai;j½q0'i
%
χ

#

×
1

½ðP − kþ qÞ2 −m2
Bj þ iϵ'½q2 −m2

vj þ iϵ'½ðk − qÞ2 −m2
pj þ iϵ'

; ð10Þ

277278 where χ†, χ correspond to the two-component spinors of H! and N!, respectively. The factors NH! , N N! in Eq. (10) are
279 related to the normalization of the Dirac spinors for H! and N!
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LN!PB ¼ igPBN!B̄N!P†;

LN!VB ¼ −i
gVBN!

ffiffiffi
3

p B̄γ5γμN!Vμ† ;

LPBH! ¼ gPBH!PH̄!B;

LVBH! ¼ i
gVBH!

ffiffiffi
3

p VμH̄!γμγ5B: ð4Þ

236237 The field H! in Eqs. (4) represents Σð1400Þ or Λð1405Þ,
238 and the couplings gPBN! , gVBN! , gPBH! , gVBH! are taken
239 from Refs. [2,30]. The factor

ffiffiffi
3

p
in the Lagrangians for the

240 vertices involving a vector meson is due to the fact that the
241 Breit-Wigner amplitudes in Refs. [2,30], for spin 1=2 of the
242 VB system, are written in terms of the gVBB! couplings as

TVB→B!→V0B0 ≡ ðigVBB! Þ 1ffiffiffi
s

p
−MB! þ iΓB!=2

ð−igV0B0B! Þ:

ð5Þ

243244 Note that Eq. (4) leads to a spin dependent VB → VB
245 amplitude

TVB→B!→V0B0 ¼ 1

3

g2VBB!ffiffiffi
s

p
−MB! þ iΓB!=2

σ⃗ · ϵ⃗2σ⃗ · ϵ⃗1; ð6Þ

246247 such that, when projected on spin 1=2, it becomes

Ts¼1=2
VB→B!→V0B0 ¼

g2VBB!ffiffiffi
s

p
−MB! þ iΓB!=2

; ð7Þ

248249 in agreement with Eq. (5).
250 Having discussed the Lagrangians for the different
251 vertices necessary to describe the decay of N!ð1895Þ to
252 KþH!0, we can now start calculating the amplitudes for the
253 different diagrams shown in Fig. 1. We begin by writing the
254 amplitude for the diagram in Fig. 1(a)

ta ¼ i
X

j

gVBH!;jgPBN!;jgPPVCjūH! ðpÞγνγ5
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d4q
ð2πÞ4

" ð=P − =kþ =qþmBjÞ
ðP − kþ qÞ2 −m2

Bj þ iϵ

×
ð−gνμ þ qνqμ

m2
Vj
Þ

q2 −m2
Vj þ iϵ

ð2k − qÞμ
ðk − qÞ2 −m2

Pj þ iϵ

#
uN! ðPÞ; ð8Þ

255256where we have followed the four momentum attribution
257shown in Fig. 2. The summation over the index j, in Eq. (8),
258refers to considering different three hadron channels in the
259triangle loop which can contribute to the diagram in
260Fig. 1(a). The list of such three-hadrons channels is given
261in Table IV in the Appendix A. Further, the constant Cj in
262Eq. (8) is a coefficient obtained by performing the trace in
263Eq. (2) for the VPP vertex and mBj, mVj, mPj are the
264masses of the baryon, vector, and pseudoscalar meson,
265respectively, corresponding to the jth channel in the
266triangular loop. The values of the Cj coefficients are also
267given in Table IV in the Appendix A for each three-hadron
268loop present in the diagram of Fig. 1(a).
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the curly brackets in Eq. (8) can be worked out as

Na (q) =
�
4 k · p� 2 p · q � q

2
�
ūH⇤(p) �5uN⇤(P )� 2 (MH⇤ +mBj) ūH⇤(p) /k�5uN⇤(P )

(MH⇤ +mBj) ūH⇤(p) /q�5uN⇤(P ) + 2 ūH⇤(p) /k/q�5uN⇤(P ) +

✓
2 k · q � q

2

m
2
vj

◆

⇥
h
(MH⇤ +mBj) ūH⇤(p) /q�5uN⇤(P )�

�
2 p · q + q

2
�
ūH⇤(p) �5uN⇤(P )

i
, (9)

withMH⇤ denoting the mass ofH⇤. The integration on dq
0 in Eq. (8) can be done analytically

by using Cauchy’s theorem. It is then convenient to rewrite Eq. (9) showing its explicit

dependence on q
0. By doing so Eq. (8) becomes

ta = i

X

j

gV BH⇤,j gPBN⇤,j gPPVNH⇤NN⇤Cj

Z
d
4
q

(2⇡)4

(
�
†
⇣ 4X

i=0

Ai,j[q
0]i
⌘
�

)

⇥ 1⇥
(P � k + q)2 �m

2
Bj

+ i✏
⇤⇥
q2 �m

2
vj
+ i✏

⇤⇥
(k � q)2 �m

2
pj
+ i✏

⇤, (10)

where �
†, � correspond to the two-component spinors of H⇤ and N

⇤, respectively. The

factors NH⇤ , NN⇤ in Eq. (10) are related to the normalization of the Dirac spinors for H⇤

and N
⇤

NH⇤ =

r
EH⇤ +MH⇤

2MH⇤
, NN⇤ =

r
EN⇤ +MN⇤

2MN⇤
, (11)

where, although, NN⇤ is unity in the centre of mass frame we still keep it in the equations for

completeness. The definitions of Ai,j’s are as given below. The subscript i on Ai,j refers to

the power of q0 multiplied to Ai,j and the index j indicates the three-hadron channel in the

loop. Defining the four-momenta in the centre of mass frame as: P = (
p
s, 0), k = (k0

,~k),

p = (
p
s� k

0
,�~k) and q = (q0, ~q ), we can write the expressions for Ai,j as

A0,j = ~� · ~k
(
2 (MH⇤ +mBj) +

1

EH⇤ +MH⇤

"
2k0 (MH⇤ +mBj + 2EH⇤)� 2~k · ~q + | ~q |2 + 4| ~k |2

+
| ~q |4 + 4

⇣
~k · ~q

⌘2
� 4

⇣
~k · ~q

⌘
| ~q |2

m
2
vj

3

75

9
>=

>;
� ~� · ~q

(
(MH⇤ +mBj)

 
1� 2~k · ~q � | ~q |2

m
2
vj

!

+ 2k0 + 2
| ~k |2

EH⇤ +MH⇤

)
, (12)

9
Integração analítica em , e depois integração numérica q0

…etc., términos até [q0]4
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exist an ambiguity in the relative phase among the Lagrangians used for the meson vertices

[Eqs. (2) and (3)]. It is then important to discuss the sensitivity of our results on the

ambiguity in the relative phase of the PPV and VVP Lagrangians. In case of the N⇤(1895)

decay toK⇤(1405), we find that the amplitude for the diagram in Fig. 1b gives the dominant

contribution such that the results are basically insensitive to the relative phase among the

PPV and VVP vertices. For the N⇤(1895) decay to K⌃(1400) the contribution of Fig. 1c is

such that there exists a large cancellation between the amplitudes of N⇤
1 (1895) ! K⌃(1400)

and N
⇤
2 (1895) ! K⌃(1400). As a consequence the decay width of the superposed N

⇤(1895)

to K⌃(1400) depends weakly on the relative phase of the PPV and VVP vertices. For

example, if we consider gV V P ! �gV V P in Eq. (3) and the cut-o↵, ⇤, is allowed to vary in

the range 600-700 MeV, to regularize the triangular loops, we obtain the following decay

widths

�N⇤+(1895)!K+⇤(1405) = 5.7± 0.8 MeV, (36)

�N⇤+(1895)!K+⌃0(1400) = 6.3± 0.2 MeV, (37)

which should be compared with Eqs. (31) and (33). It can be seen that the two results are

compatible.

Finally, it can also be important to provide the energy dependence of the amplitudes

obtained in this work, which can be useful in investigating reactions where N
⇤(1895) is

produced in an intermediate state. For example, the process �p ! K⇤(1405), K⌃(1400)

can proceed as depicted in Fig. 4. Since N
⇤(1895) has a finite width, determining the

FIG. 4. Contribution of N⇤(1895) in H
⇤0 photoproduction, where H⇤ denotes ⇤(1405) or ⌃(1400).

cross sections of such a process requires the energy dependent N⇤+(1895) ! K
+
H

⇤0 vertex.

Having this in mind, we show in Fig. 5 the real (solid lines) and imaginary parts (dashed

lines) of the amplitudes for the processes N
⇤+
1,2 ! K

+⇤1,2 and K
+⌃0(1400) in the energy

region of interest. In fact, our findings indicate that besides considering the K⇤, K⌃,

K
⇤⇤ production processes in partial wave analyses, such as in Refs. [10–12, 35], including

photoproduction of K⇤(1405) can be useful in determining the properties of N⇤(1895).
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III. NUMERICAL RESULTS AND DISCUSSIONS

Let us show and discuss our numerical results. We first
reproduce the γp → KþΛ" reaction and use the same
model parameters for predicting the observables for the
γp → KþΣ" process except for some coupling constants
which are determined in Sec. II. The cutoff masses in
Eq. (8) and (9) are determined to be ΛN;Λ;Σ ¼ 0.9 GeV and
ΛN" ¼ 0.83 GeV, respectively. The total cross section for
γp → KþΛ" is displayed as a function of the photon
laboratory (lab) energy Eγ in Fig. 4(a). It turns out that
the constant K Regge phase in Eq. (5) produces good
results regardless of the K" phase. The CLAS data [25] at
lab energies above 2.5 GeV are reproduced quite well by
the Born-term contribution mostly due to the K-Reggeon
exchange. The contribution of the K"-Reggeon exchange is
highly suppressed because of the small value of gK"NΛ"

relative to gKNΛ" . The low-energy region (Eγ ≤ 2.5 GeV) is
matched after we additionally include the N" contributions,

each of them is depicted in Fig. 4(b). The previous study
[29] included two PDG resonances, N"ð2000; 5=2þÞ
and N"ð2100; 1=2þÞ, and three missing resonances,
N"ð2030; 1=2−Þ, N"ð2055; 3=2−Þ, and N"ð2095; 3=2−Þ. It
attributed a major role to the two PDG resonances. In this
work, we additionally include the N"ð1895Þ that has a two
pole nature as discussed in Sec. II. The larger discrepancy
between the Born-term contribution and the CLAS data at
Eγ ≤ 2.5 GeV as compared to the results in Ref. [29]
is due to the small modification in constructing a gauge-
invariant amplitude [See Eq. (7)]. It is interesting that
including N"ð1895Þ provides a satisfactory description of
γp → KþΛ". The two poles of N"ð1895Þ interfere
constructively and their sum reaches around 0.3μb at Eγ ¼
1.6 GeV as shown in Fig. 4(b).
We present our prediction of the total cross section for

γp → KþΣ" in Fig. 5(a). The cross section attains a
maximum value of about 0.12 μb at Eγ ¼ 1.6 GeV.

1.5 2 2.5 3 3.5 4
Eγ [GeV]

0

0.2

0.4

0.6
σ [

µb
]

CLAS
K + Nelec
K*
sum of N*
Born
full

×103

γ p → Κ+Λ(1405) (a)

1.5 2 2.5 3
Eγ [GeV]

0
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0.3

σ [
µb

]

N*1(1895, 1/2-)
N*2(1895, 1/2-)
N*(2000, 5/2+)
N*(2100, 1/2+)
sum of N*

γ p → Κ+Λ(1405) (b)

FIG. 4. (a) Total cross section for γp → KþΛð1405Þ is plotted as a function of the lab energy Eγ. The red dotted curve represents the
sum of the K-Reggeon and electric part of N contributions. The green dot-dashed and the magenta dot-dashed-dashed curves denote the
K"-Reggeon and the N" contributions, respectively. The blue dashed and the black solid curves stand for the Born-term and the full
contributions, respectively. (b) Each of the N" contributions is plotted. (a) The data are taken from the CLAS Collaboration [25]. The
K"-Reggeon contribution is multiplied by the factor of 103 for easy comparison.
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FIG. 5. (a) Total cross section for γp → KþΣð1400Þ is plotted as a function of the lab energy Eγ. The curve notations are the same as
Fig. 4(a). (b) Each of the N" contributions is plotted.
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ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Os pentaquarks descobertos pelo LHCb geraram um debate 
continuo na comunidade. 

๏  Vários grupos estudaram as interações de dois hádrons para 
tentar descrever os estados moleculares de dois hádrons, assim 
atribuindo sempre a paridade negativa aos estados. 

๏Se estados com paridade negativa existem, também devem 
existir estados com paridade positiva.



ALGUNS DE NOSSOS TRABALHOS RECENTES:

๏Por exemplo, poderíamos perguntar se  ou  
podem formar estados ``ligados’’. 

๏O limiar desses sistemas é ~ 4800 MeV. 

๏Nos estudamos a interação  , , tratando eles 

como canais acoplados e considerando que  possuem 
uma estrutura interna (o nucleon espalha sobre as partículas que formam 

)

X(3872) − N Zc(3900) − N

X(3872) − N Zc(3900) − N
X(3872), Zc(3900)

X(3872), Zc(3900)



ALGUNS DE NOSSOS TRABALHOS RECENTES:



RESUMO

๏ Existem muitas questões abertas na área de física de hadrons, particularmente em 
relação aos hádrons exóticos (números quânticos, qual estrutura certa desses hádrons). 

๏ Teorias efectivas de campos são muito utilizadas para resolver uma grande variedade 
de problemas de física de hádrons. 

๏ Deve existir  que pode ser encontrado na massa invariante de . 

๏ A interação de nucleon com os estados exóticos  é atrativa e forma 

estados na faixa de energia estudada pela LHCb para encontrar ’s. 

๏ A taxa de decaimento de  para os hyperons leves é significante, e pode ser 
uma forma de distinguir ele dos outras estados próximos.

D(2900) Ds(2317)K̄

X(3872), Zc(3900)
Pc

N*(1895)


