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Outline

Forty years of collaboration with Joao, Manuel, Pedro, Ze, Luis
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Pion cloud around a bare nucleon

π(r)

N0

Source ρi = g ∑k σ · k τi, i = 1, 0,−1.

Classical solution π(r) interpreted as co-
herent state of pions:

π(r) = 〈Φ|π̂|Φ〉 , π̂ = ∑
ik

aik + a†
ik

|Φ〉 = exp

{
∑
ik

ξika†
ik

}
|N0〉

= |N0〉+ |π N0〉+ |π2 N0〉+ |π3 N0〉+ · · ·

Projection onto states with good angular momentum and isospin
(Peierls-Yoccoz projection)

|Φ〉 = ∑
IJ
|ΦIJ〉 , |ΦIJ〉 = PPY

IJ |Φ〉 J = 1
2 , 3

2 , 5
2 , . . . I = 1

2 , 3
2 , . . .
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N∗ and ∆∗ excited states

Excited states with I = 1
2 and 3

2 :

EIJ =
〈ΦIJ|H|ΦIJ〉
〈ΦIJ|ΦIJ〉

Free parameters:
coupling constant g, cut-off in
k-space, Λ (assuming a finite size
of the bare nucleon)

However: performing full minimization of EJT (variation-after-projection,
VAP), we end up with

E = mN0 + mπ , J = 3
2 , I = 1

2 , 3
2

E = mN0 + 2mπ , J = 5
2

E = mN0 + 3mπ , J = 7
2
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Scattering states

Excited baryons are resonances appearing in the pion-nucleon scattering
with the energy corresponding to the energy where the phase shift passes
through 90◦ (Breit-Wigner mass).

The proper ansatz:

|ΨJI(W)〉 = a†|N〉+ tan δ(W)|Φres〉

W is the energy of the πN system in the c.m. frame.

free meson pion cloud

Variational principle (Kohn principle)

tan δ(W) = stationary

reducing to the usual form for the parameters of the scattering wave
function:

〈δΨJI|Ĥ−W|ΨJI〉 = 0 .
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∆(1232) resonance

Phase shift δ(W ≡ Ec.m.)
(Ec.m. in units mπ)

For sufficiently large Λ:

90◦

|Ψ 3
2

3
2
(W)〉 = a†|N〉+ tan δ(W)|ΦN〉

+ |Φ∆〉

pion cloud around bare N

pion cloud around bare ∆
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The linear σ-model with quarks

Lq−meson = gq̄ (σ + i~τ · ~π γ5) q , Lmeson self−int =

Meson self-interaction generates nonzero σ-field in the vacuum
σvac = fπ = 93 MeV, and provides a fine mass for the quark, mq = gσvac.
”Hedgehog” coherent states with pion and σ clouds around 3-quark core:

|Hh〉 = e{
∫

dk ξ(k)a†
m,i=−m(k)}e{

∫
dk σ(k)a†

σ(k)}
(

q†
u↓ − q†

d↑
)3
|0〉 .

|ΨN〉 = PPY
I= 1

2 ,J= 1
2
|Hh〉 , |Ψ∆〉 = PPY

I= 3
2 ,J= 3

2
|Hh〉 .

EM current and density:

j = q̄γ
(

1
6 + 1

2 τ3

)
q+(~π ×∇~π)3 , ρ = q̄γ0

(
1
6 + 1

2 τ3

)
q+

(
~π ×~Pπ

)
3

.

quark pion contribution
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Electroproduction of π on ∆

The γN∆ vertex is dominated by
the dipole magnetic (M1) multipole;
minor contribution comes from the
quadrupole electric (E2) and Coulomb
(C2) multipole.

γ π

N

∆

N

Q2

M1:
 

+ +

mπ = 0
mγ = 1

mπ = 1

→ →

MN = 1
2 M∆ = 3

2 MN = 1
2 , mπ = 1

E2, C2 :
 

mπ = −1

mγ = 2

→ →
mπ = +1

MN = − 1
2 M∆ = 3

2 MN = 1
2 , mπ = 1
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∆(1232) helicity amplitude

P.Alberto, M.Fiolhais, S.Širca, B.G.,PLB 373 (1996) 229.

A1/2 ≈ M1 amplitude
Beyond the kR� 1 approximation:
C2 6= E2 (”Siegert theorem” not
valid)
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The chiral chromodielectric model

In the linear σ-model higher 3-quark states are not bound; a possible
extension is to add a chromodielectric field via quark-boson coupling:

Lint =
g
χ

q̄(σ̂+ i~τ · ~̂πγ5)q , r→ ∞ : χ(r)→ 0 , mq =
gσ(r)
χ(r)

→ ∞ .

Self consistent solution for the quark, meson and χ fields:
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P. Alberto, M. Fiolhais, B. G., and J. Marques, Phys. Lett. B 523, 273 (2001)
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Vibrational modes for the sigma field

We expand the field operators of the bosons around their expectation value in
the ground state |N〉; for the σ we write

σ̂(r) = ∑
n

1√
2εn

ϕn(r)
1√
4π

[
ãn + ã†

n

]
+ σ(r) , ãn|N〉 = 0

The stability conditions implies a Klein-Gordon equation for the σ-meson modes(
−∇2 + m2

σ + Uσ(r)
)

ϕn(r) = ε2
n ϕn(r) , Uσ(r) =

d2V(σ(r))
dσ(r)2
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Results

Roper: cohabitation of the quark core excitation (1s→ 2s) and a
molecular state σN:

mσ EN 2s–1s ε1 c2 ẼN ∆ẼR

1200 1269 446 1090 0.05 1256 380

700 1249 477 590 0.12 1235 396

A bound state exists also for smaller (more realistic) mσ:
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Coupled channel approach for the Roper resonance

πN, π∆, σN channels:
S. Širca, B.G., Eur. Phys. J. A 38, 271 (2008),

S. Širca, and M. Fiolhais, B.G., Eur. Phys. J. A 42, 185 (2009),

Assumption about the two-pion channels:

πN → N∗ → π∆→ ππN πN→ N∗ → σN → (2π)l=0
I=0N

(k  )π 2

(k  )π 1

(k  )π 2

N N

σ (µ)

π

∆ (Μ)

∆ (Μ)

N*

N*

(k )1
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Incorporating quark states and meson clouds in the
coupled channel framework

Channel state

|Ψα〉 = Nα

{[
a†

α(kα)|Φα〉
]
+ cαN|ΦN〉+ cαR|Φ0

R〉

+∑
β

∫ dk χαβ(kα, k)
ω(k) + Eβ(k)−W

[a†
β(k)|Φβ〉]

}
,

α, β = πN, π∆, σN
The meson amplitude χαβ is proportional to the scattering K matrix:

Kαβ(kα, kβ) = Kβα(k, kα) = πNαNβ χαβ(kα, kβ) , Nα =

√
ωαEα

kαW

The S matrix

S =
1 + iK
1− iK

, S = 1 + 2iT , T = K + iKT



Coherent states ∆(1232) in the linear σ-model with quarks The Roper in the CDM The Roper resonance Dynamically generated ∆ resonances

Pion-baryon vertices

p-wave quark-pion vertex, determined in the Cloudy Bag Model:

Vπ
αβ = rq

1
2f

k2√
12π2ω(k)

ωMIT

ωMIT − 1
j1(kRbag)

kRbag
〈Φα||

3

∑
i=1

σi
mτi

t ||Φβ〉

rq =


1 for (1s)3 configuration

rω =

[
ω1

MIT(ω
0
MIT−1)

ω0
MIT(ω

1
MIT−1)

]1/2

= 0.457 for B = (1s)3—(1s)2(2s)1

2
3 + r2

ω for (1s)2(2s)1

Rbag = 0.83 fm f π = 76 MeV (reproducing gπNN and g.s. properties)

2-π decays:

Vσ
0 (k, µ) = Vσ

0 (k)wBW(µ) , Vσ
0 (k) = gσ

k√
2ω(k)

.

Two sets of BW parameters: mσ = Γσ = 500 MeV and mσ = Γσ = 600 MeV

Free parameters: baryon bare masses
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Pion electroproduction on N(1440)

N

∆

πγ

N

VγN∆ VπN∆

Note

sign(A1/2)

=
sign(M1(γN → πN))

sign(VπN∆)
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Pion-cloud effects dominate at small Q2, i.e. at large distances.
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Molecular states revisited

Motivation:

Recent QCD lattice calculation by the Graz-Ljubljana group, searching
for pion scattering states on top of the three-quark configuration: no
indication for a ”bare Roper” below ∼ 2 GeV; but a strong [ππ]S=0

I=0
component.

Bethe Salpeter equation for the meson amplitude χαγ

χαγ(kα, kγ) = Kαγ(kα, kγ) + ∑
β

∫
dk
Kαβ(kα, k)χβγ(k, kγ)

ω(k) + Eβ(k)−W

Approximating the kernel K by a separable form, the integral equation
reduces to an algebraic equation which can be solved exactly.

For sufficiently strong coupling the kernel K may become singular and a
quasi-bound state arises.
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Dynamically generated resonances

Eq. for the expansion coefficients x: xαβ + ∑γ Mαβ,βγ xβγ = bαβ

The singularity arises when the lowest eigenvalue of M crosses 0:

W [MeV]

w
m
in

2.30

2.15

2.05

2.00

1.80

g = 1.55
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Poles in the complex W-plane:

g ReWp −2ImWp

PDG 1370 180

1.80 1397 157

1.95 1383 112

2.00 1358 111

2.05 1331 44

1438 147

S. Širca, H. Osmanović (Tuzla), A. Švarc (Zagreb), B.G. Phys. Rev. C 97,

035204 (2018)
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Including an excited three-quark state

Adding a three-quark configuration (1s)22s with mass mR.

mR [MeV] mσ [MeV] gσ ReWp −2ImWp |r| ϑ

PDG 1370 180 46 −90◦

2000 600 1.55 1368 180 48.0 −87◦

2000 600 1.70 1361 156 41.9 −77◦

1530 600 1.55 1367 180 47.5 −86◦

2400 600 1.68 1370 177 42.6 −87◦

2000 500 1.43 1369 172 40.2 −82◦

1530 500 1.36 1365 174 43.6 −82◦
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Evolution of the resonance pole in the complex W-plane

Evolution of the pole in the complex-energy plane as the interaction
strength is being switched-off for mR = 1750 MeV and mR = 2000 MeV
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Dynamically generated ∆ resonances

Coupled channel approach involving the p-wave πN and π∆ channels, and the

s-wave σ∆ channel; check the behaviour of the lowest eigenvalue of the kernel:
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Is there a resonance around W ≈ 1500 MeV?
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Manifestation of the meson cloud:

I Clear and ”unmistakable” signal
I E2/M1 and S2/M1 ratio of helicity amplitudes for ∆(1232)

I Strong signal, commonly agreed upon
I strong enhancement of the πN∆(1232) vertex
I strong enhancement M1 electro-production amplitude on the ∆

I Strong signal but still disputable (model dependent)
I zero-crossing of the helicity amplitude for N∗(1440)
I strong enhancement of the the πNN∗(1440) vertex

I Possible explanation – work in progress
I N(1440): molecular state strongly coupled to (1s)22s configuration.
I Dynamically generated ∆(1600) resonance
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