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Abstract.
The coupled channels Lagrangian approach of the Giessen model (GiM) for meson production on the nucleon

is discussed and applied to a selected set of meson production channels on the nucleon, ranging from πN → πN
and γN → πN, eta-production and associated strangeness production to 2πN channels in the resonance energy

region. We present an updated coupled-channel analysis of eta-meson production including all recent photo-

production data on the proton. The dip structure observed in the differential cross sections at c.m. energies

W=1.68 GeV is explained by destructive interference between the S 11(1535) and S 11(1560) states, not confirm-

ing the postulated sharp state. Kaon production on the nucleon is investigated in KΛ and KΣ exit channels. The

approach to 2πN production has been significantly improved by using the isobar approximation with σN and

πΔ1232 intermediate states. Three-body unitarity is maintained up to interference between the isobar subchan-

nels. We obtain RσN(1440) = 27+4−9 % and RπΔ(1440) = 12+5−3 % for the σN and πΔ1232 decay branching ratios of

N∗(1440) respectively. The extracted πN inelasticities and reaction amplitudes are consistent with the results of

other groups.

1 Introduction

The discovery of nucleon resonances in the early pion-

nucleon scattering experiments provided first indications

for a complicated intrinsic structure of the nucleon. With

establishing the quark picture of hadrons and develop-

ments of the constituent quark models the interest in the

study of the nucleon excitation spectra was renewed. Soon

after, it was realized that there was an obvious discrepancy

between the number of resonances predicted by theory and

those identified experimentally. Since then, the problem

of missing resonances is a major issue of baryon spec-

troscopy. Final answers about the number of excited states

of the nucleon and their properties are still pending. So-

lutions are searched for both experimentally and theoreti-

cally. On the theory side constituent quark (CQM) mod-

els, lattice QCD and Dyson-Schwinger approaches have

been developed to describe and predict the nucleon res-

onance spectra. The main problem remains, however, a

serious disagreement between the theoretical calculations

and the experimentally observed baryon spectra. This con-

cerns both the number and the properties of excited states.

The investigation of properties of nucleon resonances

remains one of the primary goals of modern hadron

physics. The main information about the hadron spec-

tra comes from the analysis of scattering data. Coupled-

channel approaches have proven to be an efficient tool to

extract baryon properties from experiment. The Giessen

coupled-channel model (GiM) has been developed for a

combined analysis of pion- and photon-induced reactions

�e-mail: horst.lenske@physik.uni-giessen.de

on the nucleon, (π/γ) + N, for extracting properties of nu-

cleon resonances. The applications range from investiga-

tions of the elastic and inelastic πN and πN∗ channels [1]
to ωN [2], ηN [3, 4] production as well as the strangeness

channels KΛ [5] and KΣ [6]. The 2πN channels were in-

vestigated recently in [7]. Here we review central issues

of the Giessen approach and present results for selected

reactions. In section 2 we introduce the underlying field

theoretical model, being based on a phenomenological La-

grangian density for baryons, mesons, and the photon and

their interactions. General theoretical aspects of high-spin

matter fields are discussed in section 3 with special em-

phasis on the gauge properties of s = 3
2
and s = 5

2
. Ap-

plications and results of our approach on the production of

kaon- and eta-mesons are discussed in section 4 and sec-

tion 5, respectively. Our latest investigations on double-

pion production channels are discussed in section 6. In

section 7 we summarize the achievements of the Giessen

model. As an illustrative overview we present already here

in Fig. 1 our results on the total cross sections in the vari-

ous hadronic reaction channels.

2 The Giessen coupled channels model
for baryon spectroscopy

Here we briefly outline the main ingredients of the model.

More details can be found in [1, 3–7]. We need to solve the

Bethe-Salpeter (BS) equation for the scattering amplitude:

M(p′, p;w) = V(p′, p;w)

+

∫
d4q
(2π)4

V(p′, q;w)GBS (q;w)M(q, p;w), (1)
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Figure 1. Total cross sections for pion-induced reactions. Re-

sults of the Giessen model are compared to experimental data.

where w =
√

s is the available center-of-mass energy.

Here, p (k) and p′ (k′) are the incoming and outgo-

ing baryon (meson) four-momenta. After splitting the

two-particle BS propagator GBS into its real and imag-

inary parts, we introduce the K-matrix given schemati-

cally by K = V +
∫

VReGBS M. Then M is given by

M = K + i
∫

MImGBS K. Since the imaginary part of GBS

is given by the on-shell part, the reaction matrix T , defined
via the scattering matrix S = 1 + 2iT , can now be calcu-

lated from K after a partial wave decomposition (PWD)

into total spin J, parity P, and isospin I via matrix inver-

sion:

T (p′, p;w) =
(
1 − iρ(w)K(p′, p;w)

)−1 K(p′, p;w), (2)

where ρ(w) is an appropriately chosen phase space factor.

Hence unitarity is fulfilled as long as K is Hermitian. For

simplicity we apply the so-called K-matrix Born approxi-

mation, which means that we neglect the real part of GBS

and thus K reduces to K = V . The validity of this approxi-

mation was tested a long time ago by Pearce and Jennings

[8].

The potential V is built up by a sum of s-, u-, and
t-channel Feynman diagrams by means of effective La-

grangians which are not shown here but can be found in

very detail in [9] and the previously cited references. Cer-

tain aspects of the more involved cases of spin- 3
2
and spin-

5
2
resonances are discussed below in section 3. In all reac-

tion channels the non-resonant background contributions

to the scattering amplitudes are consistently derived from

the u- and t-channel diagrams, thus reducing the number

of free parameters greatly. In addition, each vertex is mul-

tiplied by a cutoff form factor:

F(q2) =
Λ4

q

Λ4
q + (q2 − m2

q)
2
, (3)

where mq (q2) denotes the mass (four-momentum squared)

of the off-shell particle. To reduce the number of param-

eters the cutoff value Λq is chosen to be identical for all

final states. We only distinguish between the nucleon cut-

off (ΛN), the resonance cutoffs (Λs), where a common cut-

off is used for all baryons within the same spin-multiplet

s ∈ { 1
2
, 3
2
, 5
2
...}, and the t-channel cutoff (Λt).

A considerable numerical simplification is obtained by

the afore mentioned K−matrix approximation. Using the

partial wave decomposition the integral over dΩq can be

calculated analytically. Then Eq. (1) reduces to a linear

system of coupled equations for the partial wave scattering

amplitudes:

T JP
f i (w) = KJP

f i (w)

+ i
∑

j

∫ ∞

μ2j0

dμ2j A j(μ j)T JP
f j (μ j)KJP

j i (μ j)(4)

where K = V and f , i, j denote the final, initial, and in-

termediate meson − baryon channels, respectively. The

photo-production reaction channels are treated perturba-

tively in leading order of the γN and γN∗ vertices, re-

spectively. The spectral functions in the meson-meson

(π,K, σ, ρ...) and the meson-baryon isobar channels, as e.g

the Δ resonance, are denoted by Aj(μ
2
j ), being integrated

over the energy μ j available in the isobar subsystem start-

ing at the isobar threshold energy μ j0. For stable particles

the spectral functions reduce to trivial delta-functions, pro-

jecting the integrand on the particles’s mass. Since the

two-pion discontinuities are taken into account the three-

body unitarity in the form of the optical theorem if fulfilled

up to interference terms between different isobar subchan-

nels [7].

Figure 2. The structure of the tree-level interaction potential

V . s−,u−, and t− channel interactions defining the non-resonant

background contributions are shown in the first line, including

contact terms which are chosen such that gauge invariance is as-

sured. The so-called z-diagrams, displayed in the second line,

are generic for the double-pion channels. s− channel resonance

interactions are depicted in the last line. Time is running from

left to right.

3 Theory of high-spin fermionic fields

3.0.1 Gauge properties of spin-3/2 fields

It is well known that the wave equation for the free spin-
3
2
field [10] being written in a general form depends on

one free parameter A (see e.g. [15]). The commonly used

Rarita-Schwinger theory [10] corresponds to the special

choice A = −1. While the so-called Pascalutsa-coupling

removes the unwanted degrees of freedom from the Rarita-

Schwinger propagator it leaves the problem unsolved in

the more general case A � −1 resulting in the appearance

of ’off-shell’ components, for example in the πN scatter-

ing amplitude. Hence, further investigations of the general
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properties of the interacting spin- 3
2
fields are of great im-

portance. We have discussed the origin of this problem

and shown how it to solved it. Two alternative approaches

were indicated:

• the first solution consists in constructing a coupling

which includes higher derivatives of the spin- 3
2
field.

• alternatively, advantage may be taken on the generaliza-

tion of the original gauge invariant interaction to arbi-

trary values of A � −1.
In the latter case the obtained Lagrangian depends on one

free parameter which also appears in the free field formal-

ism. However, the physical observables should not depend

on this parameter. Hence, the matrix element correspond-

ing to the πN scattering at tree level does not contain an

off-shell background. Rarita and Schwinger suggested a

set of constraints which the free spin- 3
2
field should obey

[10]

γνψν(x) = 0,

∂νψν(x) = 0, (5)

provided that also the Dirac equation (/p − m)ψν(p) = 0 is

fulfilled. In a consistent theory the set of equations Eq. (5)

should follow from the equation of motion obtained from

the corresponding Lagrangian. The Lagrangian of the free

spin- 3
2
field can be written in a general form as follows

(see, e.g., [15] and references therein)

L 3
2

0
= Δ̄μ(x)Λμν Δν(x), (6)

where Δν(x) stands for the spin- 3
2

field and the Λμν-

operator is

Λμν = (i/∂ − m)gμν + iA(γμ∂ν + γν∂μ)

+
i

2
(3A2 + 2A + 1)γμ/∂γν

+m (3A2 + 3A + 1)γμγν, (7)

where A is the afore mentioned arbitrary free parameter,

subject only to the restriction A � − 1
2
. The propagator of

the free spin- 3
2
field can be obtained as a solution of the

equation, e.g. in momentum space,

Λμρ(p) gρσ Gσν(p) = gμν. (8)

The propagator Gσν(p) can be written as an expansion

in terms of the spin projection operators P 3
2
μν(p), P

1
2

11; μν,

P 1
2

22; μν, P
1
2

12; μν(p), and P
1
2

21; μν(p) [11]. The first three op-

erators correspond to different irreducible representations

of spin-vector whereas the last two account for a mixing

between two spin- 1
2
representations.

Without going too deep into the mathematical details,

we constrain the discussion here to the consequences for

interaction vertices. A commonly used ΔNπ-coupling is

Lint ∼ ψ̄Nθ(z)νμΔμ∂νπ with θμν(z) = gμν + z γμγν. The free
parameter z is used to control the off-shell contributions
to the interaction vertex but does not affect the pole term.

In order to remove the dependence on z (or, likewise, A)
we eliminate the unwanted degrees of freedom by using a

gauge-invariant coupling to the spin- 3
2
field as explained

in [11]. The modified ΔNπ interaction Lagrangian can be

written as follows1

LP =
gΔNπ

mπmN
ψ̄N(x)γ5γμT μν

Δ
(x)∂νπ(x) + h.c.,

T μν
Δ
(x) =

1

2
εμνρσ

(
∂ρΔσ(x) − ∂σΔρ(x)

)
, (9)

where εμνρσ is the fully antisymmetric Levi-Civita ten-

sor. The tensor Tμν(x) is invariant under the gauge-

transformations Δν(x) → Δν(x) + ∂νξ(x) where ξ(x) is an
arbitrary spinor field. Hence, Tμν(x) behaves like a con-
served current with the constraint ∂μ T μν

Δ
(x) = 0. The cou-

pling defined in Eq. (9) guarantees that the so-called off-
shell background does not contribute to the physical ob-

servables provided that the free spin- 3
2
propagator is cho-

sen in the special form corresponding to A = −1. This,

however, does not hold in the general case for arbitrary

values of A.
The problem reported above can be solved in different

ways. The straightforward one is to use a coupling with

higher order derivatives of the spin- 3
2
field which explicitly

involves the P 3
2
μν(p) projection operator:

gΔNπ

mπm4
N

ψ̄N(x)
[
�P 3

2
μν(∂)Δ

ν(x)
]
∂μπ(x) + h.c.. (10)

The use of P 3
2
μν(∂) ensures that only the spin- 3

2
part of the

propagator contributes and the d’Alembert-operator guar-

antees that no other singularities except the mass pole term

(p2 − m2)−1 appear in the matrix element. Note, that the

coupling written in the form of Eq. (10) restores the invari-

ance of the full Lagrangian under the point-like transfor-

mations Δμ → Δμ + z γμγνΔν.
To keep the interaction term in the full Lagrangian as

simple as possible we propose here another coupling

LI =
gΔNπ

mπmN

× ψ̄N(x)
[
Γνη (A, ∂)Δη(x)

]
∂νπ(x) + h.c.,(11)

with the modified vertex operator Γνη (A, ∂) depending on

the parameter A:

Γνη (A, ∂) = γ5 γ
μ εμνρσ θ

σ
η(A) ∂

ρ, (12)

θση(A) = gση − A + 1

2
γσγη. (13)

In momentum space at A = −1 the vertex function Eq. (12)
reduces to that suggested by Pascalutsa. The θμν(A)-
operator has a simple physical meaning: it relates the

Rarita-Schwinger theory to the general case of arbitrary A.

Hence, the R-S propagator, can be obtained from the gen-

eral propagator by means of the transformation GRS
μν (p) =

θμρ(A)Gρσ(p, A) θσν(A).
Using the coupling Eq. (11) the final result for the ma-

trix element of πN scattering is independent on the none-

pole spin- 1
2
terms in the full propagator[

Γμρ(A, pΔ)Gρσ(pΔ, A)Γ†σν(A, pΔ)
]

=
/p + m

p2 − m2

p2
Δ

m2
N

P 3
2
μν(pΔ) (14)

1We omit isospin indices.
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and coincides with that obtained for the case A = −1. The
coupling Eq. (11) can be written in a more compact form

which does not contain the Levi-Civita tensor explicitly

LI =
igΔNπ

4mπmN

×ψ̄N(x)
[
γσρνθση(A)∂ρ Δη(x)

]
∂νπ(x) + h.c.,(15)

where γσρν = {γσρ, γν} and γσρ = [γσ, γρ] and θση(A) is
defined in Eq. (13).

The full Lagrangian for the interacting ΔNπ fields can

be written in the form

L 3
2 = L 3

2

0
+LI +Lπ

0 +LN
0 , (16)

where Lπ
0
= π(� + m2)π and LN

0
= ψ̄N(i/∂ − m)ψN stand

for the free Lagrangians of pion and nucleon fields, re-

spectively. The free spin- 3
2
Lagrangian L 3

2

0
and ΔNπ cou-

plingLI are given by expressions Eq. (6) and Eq. (11). The

Lagrangian Eq. (16) depends on one arbitrary parameter

A which points to the freedom in choosing the ’off-shell’

content of the theory. Although L 3
2

0
contains one free pa-

rameter the physical observables should not depend on it.

Without going into the details, we mention that similar

conclusion can be made for the electromagnetic coupling

and refer to ref. [11] for details.

Summarizing this work, we could show that the gauge-

invariant ΔNπ coupling, originally suggested by Pasca-

lutsa for spin- 3
2
fields, removes the off-shell degrees of

freedom only for a specific choice of the spin- 3
2
propagator

but not in the general case. In the general case the spin- 3
2

propagator contains a term associated with the
[
1
2
⊗ 1

]
1
2

ir-

reducible representation. We have shown that the problem

can be solved by introducing higher order derivatives to

the interaction Lagrangian or by generalizing the original

ΔNπ coupling suggested by Pascalutsa. In the latter case

the full Lagrangian of the interacting ΔNπ fields depends

on one free parameter which reflects the freedom in choos-

ing an off-shell content of the theory.

3.0.2 Gauge properties of spin-5/2 fields

The description of pion- and photon-induced reactions in

the resonance energy region is faced with the problem of

proper treatment of higher spin states. In 1941 Rarita

and Schwinger (R-S) suggested a set of equations which

a field function of a higher spin should obey [10]. An-

other formulation has been developed by Fierz and Pauli

[16] where an auxiliary field concept is used to derive sub-

sidiary constraints on the field function. Regardless of the

procedure used the obtained Lagrangians for free higher-

spin fields turn out to be always dependent on arbitrary

free parameters. For the spin- 3
2
fields this issue is widely

discussed in the Literature (see e.g. [11, 17, 18] for a mod-

ern status of the problem). The case of the spin- 5
2
fields is

even less studied. First attempts were made in [19, 20].

The authors of [20] deduced an equation of motion as a

decomposition in terms of corresponding projection oper-

ators with additional algebraic constraints on parameters

of the decomposition.

The free particle propagator is a central quantity in

most of the calculations in quantum field theory. In [20]

the authors deduced a spin- 5
2
propagator written in oper-

ator form. In practical calculations, however, one needs

an explicit expression of the propagator. An attempt to

construct a propagator only from the spin- 5
2
projection op-

erator has been made in [21, 22]. We demonstrated that

such a quantity is not consistent with the equation of mo-

tions for the spin- 5
2
field. In addition, hermiticity can be

violated, as was pointed in [14]. Clearly, it is important to

derive the propagator and investigate its properties in de-

tail. To the best of our knowledge our study was the first

attempt in that direction. Hence, the aim of the work was

to deduce an explicit expression for the spin- 5
2
propagator

and study its properties. Guided by the properties of the

free spin- 3
2
Rarita-Schwinger theory one would expect the

equation of motion for the spin- 5
2
field has two arbitrary

free parameters which define the non-pole spin- 3
2
and- 1

2

contributions to the full propagator. The coupling of the

spin- 5
2
field to the (e.g.) pion-nucleon final state is there-

fore defined up to two off-shell parameters which scale the

non-pole contributions to the physical observables. Hence,

one can ask whether such an arbitrariness can be removed

from the theory.

The possibility to construct consistent higher-spin

massless theories has been pointed out already a while ago

by Weinberg and Witten [23]. As we demonstrated in [11]

the demand for gauge-invariance may not be enough to

eliminate the extra degrees of freedom at the interaction

vertex. The problem appears when the theory does not

have a massless limit. However, a coupling which removes

non-pole terms from the spin- 5
2
propagator can be easily

constructed by using higher order derivatives. A corre-

sponding interaction Lagrangian has been deduced in [11]

for the case of spin- 3
2
fields and can be easily extended to

higher spins too, as exercised in [14].

The field function of higher spins in a spinor-tensor

representation is a solution of the set of equations sug-

gested by Rarita and Schwinger in [10]. In a consistent

theory the description of the free field is specified by set-

ting up an appropriate Lagrange function L(ψμν, ∂ρψμν).
The spin- 5

2
Lagrangian in the presence of the auxiliary

spinor field ξ(x) can be written in the form

L = L(1) +L(2) +L(aux), (17)

where the lengthy and mathematically involved expres-

sions for the three pieces are found in Ref. [14]. An im-

portant observation is that the Lagrangian in Eq. (17) in

general depends on only three independent real parame-

ters a, b, and c.
By variations with respect to ψμν and ξ two equations

of motion are obtained which in momentum space are

given as

(
Λ

(1)
μν;ρσ(p) + Λ

(2)
μν;ρσ(p)

)
ψρσ(p) + c m gμνξ(p) = 0, (18)

m c gρσψρσ(p) + B(a, b, c) (/p + 3m) ξ(p) = 0, (19)

where the explicit forms of the operators Λ
(1)
μν;ρσ(p),

Λ
(2)
μν;ρσ(p) are found in [14]. Here, it is of interest that

     
  

DOI: 10.1051/, 0300  (2017) 71340300EPJ Web of Conferences epjconf/201134

Subnuclear Structure of Matter: Achievements and Challenges

6 6

4



the operator Λ
(1)
μν;ρσ(p) would give an equation of motion

Λ
(1)
μν;ρσ(p)ψμν = 0 for the spin- 5

2
fields provided gμνψμν = 0,

where the later property is assumed a priori. However,

the corresponding inverse operator [Λ
(1)
μν;ρσ(p)]−1 has ad-

ditional non-physical poles in the spin- 1
2
sector. This in-

dicates that the constraint gμνψμν = 0 should also fol-

low from the equation of motion and cannot be assumed

a priori. The second operator Λ
(2)
μν;ρσ(p) acts only in the

spin- 1
2
sector of the spin-tensor representation. This can

be checked by a direct decomposition of the operator in

terms of projection operators [14]. The same conclusion

can be drawn from the observation that Λ
(2)
μν;ρσ(p) is or-

thogonal to all P 5
2

ρσ;τδ(p), P
3
2

i j;ρσ;τδ(p) projection operators,

where i, j = 1, 2. Hence the parameter b is related only

to the spin- 1
2
degrees of freedom whereas a scales both

spin- 3
2
and - 1

2
ones.

Of particular interest for spectroscopic research is the

coupling of resonances to meson-nucleon channels. In the

case of the spin- 5
2
field in the spinor-tensor representa-

tion we deal with a system (ψμν, ξ) which contains aux-

iliary degrees of freedom. The question arises whether the

nonphysical degrees of freedom could be eliminated from

physical observables. Here we consider a simple case of

spin- 5
2
resonance contribution to πN scattering. The cor-

responding πNN∗
5
2

coupling can be chosen as follows

LI =
gπNN∗

4m2
π

× (
ψ̄N(x), 0

)
Γμν;ρσ

[
P

(
ψρσ

ξ

)]
∂μ∂νπ(x)

+ h.c., (20)

where the nucleon field is written as
(
ψ̄N(x), 0

)
which im-

plies the absence of auxiliary fields in the final state. The

operator

P =

(
1 0

0 0

)

projects out the spin- 5
2
field and ensures that there is no

coupling to ξ. Hence, only the spin- 5
2
component of the

propagatorG
5
2
μν;ρσ(p) contributes to physical observables at

any order of perturbation theory. In [14] we could demon-

strate that the inclusion of auxiliary degrees of freedom in

the vector field does not affect the physical observables.

To the best of our knowledge this statement is not gener-

ally proven for the (ψμν, ξ) system beyond the perturbation

expansion. The reason is that the equation of the motion

for massive spin- 5
2
field in the spinor-tensor representa-

tion is defined only in the presence of an auxiliary field.

This is unlike the case of the vector field where auxiliary

degrees of freedom can be removed by proper field trans-

formations. These degrees of freedom contribute due to

ψμν − ξ mixing. The mixing takes place only between the

spin- 1
2
sector of the spinor-tensor and the auxiliary spinor

fields. One may therefore hope that the use of a coupling

which suppresses the spin- 1
2
contributions would also pre-

vent the appearance of the auxiliary degrees of freedom in

the physical observables in the non-perturbative regime.

The solution to the problem is following closely the

results for spin-3/2 fields, presented in [11]. According

to our previous findings the interaction vertex fulfills the

condition γ · Γ = Γ · γ = 0. With this constraint one finds

that only the P 5
2
μν;ρσ(q) projector fulfills the desired prop-

erty [14], ensuring that only the spin- 5
2
part of the propa-

gator contributes. The formalism also guarantees that no

other singularities except the mass pole term (p2 − m2)−1
appear in the amplitude. Thus, the physical observables

no longer depend on the arbitrary parameters a and b of

the free Lagrangian. Finally, the πN scattering amplitude

reads

M =

(
gπNN∗

m2
π

)2
ūN(p′)

⎡⎢⎢⎢⎢⎢⎣
⎛⎜⎜⎜⎜⎝ q2

m2
R

⎞⎟⎟⎟⎟⎠
4

P 5
2

μν;λτ(q)

⎤⎥⎥⎥⎥⎥⎦ uN(p) k′μ k′ν kλ kτ, (21)

Summarizing this part of the project, we have investi-

gated the general properties of the free spin- 5
2
fields in the

spinor-tensor representation. We could show that the La-

grangian in general depends on three arbitrary parameters;

two of them are associated with the lower spin- 3
2
and - 1

2

sector of the theory whereas the third one is linked to the

auxiliary field ξ. We have deduced a free propagator of the

system in form of a 2 x 2 matrix in the (ψμν, ξ) space. The
diagonal elements stand for the propagation of the spin- 5

2

and ξ fields whereas the non-diagonal ones correspond to

ψμν − ξ mixing. The mixing takes place between the spin-
1
2
sector of the spinor-tensor representation and an auxil-

iary spinor field. An important result was that the auxil-

iary degrees of freedom do not contribute to the physical

observables calculated within the perturbation theory pro-

vided there is no coupling to ξ. As an application to hadron
spectroscopy, the πNN∗

5
2

interaction vertex was discussed.

Gauge invariance was obtained by constructing a coupling

with higher order derivatives. In the latter case the ampli-

tude of the πN scattering does not depend on the arbitrary

parameters of the free Lagrangian. The suggested cou-

pling is generalized to the Rarita-Schwinger fields of any

half-integer spin.

4 Strangeness production on the nucleon

Strangeness production on the nucleon by excitation of

resonances which decay into kaon-hyperon channels is an

important spectroscopic tool giving access to the SU(3)

flavour structure of baryons. Moreover, such exotic chan-

nels like the kaon-hyperon final states are expected to

play a cental role in identifying hitherto undetected excited

states of the nucleon, thus addressing the still open ques-

tion of the notorious problem of missing resonances. In

[5] we have performed a study of the pion- and photon-

induced KΛ reactions within our unitary coupled-channel

effective Lagrangian approach. A major goal of those

investigations was to address the at that time still open

question on the major contributions to the associated

strangeness production channels. Since KΛ photoproduc-

tion data [24, 25] gave an indication for missing resonance
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contributions, a combined analysis of the (π, γ)N → KΛ
reactions was expected to identify clearly these states. As-

suming small couplings to πN, these hidden states should

not exhibit themselves in the pion-induced reactions and,

consequently, in the πN → KΛ reaction. The aim of our

calculations was to explore to what extent the data avail-

able at that time can be explained by known reaction mech-

anisms without introducing new resonances. Our results

for total cross sections are displayed in Fig.3 and further

results on differential cross sections, polarization observ-

ables and angular distributions are found in [5]. As dis-

cussed in [5] the SAPHIR [24] and the CLAS [25] data

sets, in fact, are leading to two slightly different sets of

interaction parameters, reflecting and emphasizing the dif-

ferences among the two measurements. Below, that point

is discussed again.

Figure 3. π−p → K0Λ total partial wave cross sections, pre-

dicted by parameter set C of Ref. [5], obtained from a fit to the

CLAS data [25]. The experimental cross section data are taken

from [26–28].

More recent CLAS-data on KΣ production inspired us

to a revised updated large scale coupled-channels analy-

sis of associated strangeness production on the nucleon.

Based on the coupled-channel effective Lagrangian for-

malism underlying the Giessen model (GiM) a combined

analysis of (π, γ)N → KΣ hadro- and photo-production

reactions were performed. The analysis covered a center-

of-mass energy range up to 2 GeV. The recent photo-

production data obtained by the CLAS, CBELSA, LEPS,

and GRAAL groups were included into our calculations.

The central aim was to extract the resonance couplings

to the KΣ state. In [6] the Giessen model was used to

reanalyze newly released data from various experimental

groups for KΣ production on the nucleon. Both s-channel

resonances and t,u-channel background contributions are

found to be important for an accurate description of an-

gular distributions and polarization observables, assuring

a high quality description of the data. The extracted prop-

erties of isospin I = 3/2 resonances were discussed in de-

tail. We found that the I = 1/2 resonances are largely

determined by the non-strangeness channels.

Our calculations included 11 isospin I = 1/2 reso-

nances and 9 isospin I = 3/2 resonances, respectively. In

this work we continued the investigations of the I = 1/2
and 3/2 sectors with the parameters fitted to newly pub-

lished KΣ photoproduction data together with the pre-

vious πN → KΣ measurements in the energy region√
s ≤ 2.0 GeV. The included KΣ photoproduction data

are those of the γp → K+Σ0 published by the LEPS [29–

31], CLAS [32, 33] and GRAAL [43] group, and those of

γp → K0Σ+ released by the CLAS [44] and CBELSA [45]

collaboration, respectively. The SAPHIR data have been

left out here because of the known inconsistencies of

the K+Σ0 data [24] with the corresponding CLAS and

GRAAL data (for the details, see Ref. [33]). Also, the

K0Σ+ SAPHIR data [24] have much bigger error bars than

those of the CBELSA and CLAS group. Here, the data

before 2002 are also no longer used.

Strangeness production on the nucleon plays a key

role for our understanding of baryon structure and ele-

mentary reactions with hadrons. In addition, such pro-

duction reactions are also an appropriate tool to identify

excited states N∗ of the nucleon which decay preferen-

tially into hyperon-kaon channels, thus adding to solve

the problem of missing resonances. In [6] we have anal-

ysed the latest CLAS-, CBELSA-data sets and re-analysed

the earlier SAPHIR-data on photoproduction of kaons on

the nucleon. The Giessen model was used, describing

meson production on the nucleon by a coupled channels

K-matrix approach including meson production by photo-

production and pion-induced reactions as initial channels.

The Giessen model is obeying the elementary symmetries

of hadron physics and conserving unitarity. Meson pro-

duction proceeds through s-channel resonances and t- and

u-channels re-scattering processes. Results for total cross

sections are shown in Fig.4. Up to a total center-of-mass

energy of about
√

s = 2 GeV the data are well described.
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Figure 4. Total cross sections for kaon production on the nu-

cleon. Results of the Giessen model [6] are compared to CLAS,

CBELSA, and SAPHIR data.

The analysis included all charge channels, K±Σ∓ and

K0Σ0. We achieved a quite satisfactory description of the

γp → K+Σ0 data (χ2 = 1.8) and the γp → K0Σ+ data

(χ2 = 2.0). However, the pion-induced strangeness pro-

duction reactions are described slightly less accurate as in-

dicated by the corresponding χ2 values of χ2 = 4.1, 3.2 and
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Figure 5. The differential cross section of π−p → K0Σ0 reac-

tion. The solid (green), dashed (blue) and dotted (magenta) lines

are the full model calculation, the model calculation with the

S 11(1650) and F15(1680) turned off, respectively. The numer-

ical labels denote the center of mass energies in units of GeV.

CBELSA and CLAS data are shown for comparison.

2.8 for the π+p → K+Σ+, π−p → K0Σ0 and π−p → K+Σ−
reactions, respectively. The parameters have been varied

in our fit simultaneously to the I = 1/2 and 3/2 sectors.

Because of the smallness of the N∗KΣ couplings, all pre-

viously obtained Breit-Wigner masses, branching ratios

and couplings corresponding to non-strangeness produc-

tion [2] are hardly affected by the additional KΣ photopro-

duction data, so we could concentrate on the properties of

the I = 3/2 resonances. Although the new data are avail-

able with reduced total errors the refitted model parameters

were changed only very little. A typical result is displayed

in Fig. 5, illustrating the quality of the description on the

example of π−p → K0Σ0 reaction. The complete set of

results, including partial wave cross sections, angular dis-

tributions of cross sections and polarization observables

for the full set of KΣ exit channels are found in [6].

5 η-meson production

Understanding the dynamics of eta-meson production and,

vice versa, the decay of nucleon resonances into the

nucleon-eta exit channel is of ongoing interest in hadron

spectroscopy. The η-meson photoproduction on the proton

has been measured with high precision by the Crystal Ball

collaboration at MAMI [34]. These high-resolution data

provide a new step forward in understanding the reaction

dynamics and in the search for a signal from the ’weak’

resonance states. The main result reported in [34] is a very

clean signal for a dip structure around W = 1.68 GeV,

seemingly confirming older data [35–38]. This raised the

question on the origin of that structure, eventually indi-

cating the appearance of a new narrow, possibly exotic,

resonance state.

The aim of the study was to extend our previous

coupled-channels analysis of the γp → ηp reaction by

including the data from the new high-precision measure-

ments [34]. The main question is whether the ηp reaction

dynamics can be understood in terms of the established

resonance states or whether a new state has to be intro-

duced, thus confirming previous conjectures. A major is-

sue for the analysis is unitarity and a consistent treatment

of self-energy effects as visible in the total decay width of

resonances. Since the latter are driven by hadronic inter-

actions the analysis of photo-production data requires the

knowledge of the hadronic transition amplitudes as well.

Hence, a coupled-channels description as in the Giessen

model is an indispensable necessity.

As discussed in very detail in [4] various relevant

meson-baryon coupling constants were newly determined

at the occasion of this work in large scale coupled-

channels calculations. This gave rise to improved con-

straints on the interaction parameters and the derived res-

onance parameters, i.e. masses and widths. As an repre-

sentative example we mention here the mass and width of

the D13(1520) resonance. Our results confirm the values

obtained by Arndt et al. [40]: mass M = 1516 ± 10 MeV

and width Γ = 106 ± 4 MeV, respectively. It is interesting

to note that the mass of this resonance deduced from pion

photoproduction tends to be 10 MeV lower that the values

derived from the pion-induced reactions [41]. The second

D13(1900) state has a very large decay width. We associate

this state with the D13(2080) two-star state, proposed by

PDG. The GiM results for the η-photo production channel
are shown in Fig. 6 together with the experimental data.
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Figure 6. Differential ηp cross section compared to MAMI data

[34].

We obtain a very satisfactory agreement with the ex-

perimental data in the whole kinematical region. The

first peak is related to the S 11(1535) resonance contribu-

tion. Similar to the π−p → ηn reaction the S 11(1650)

and S 11(1650) states interfere destructively producing a

dip around W=1.68 GeV. The coherent sum of all partial

waves leads to the more pronounced effect from the dip at

forward angles. We also corroborate our previous findings

[3] where a small effect from the ωN threshold was found.

We also do not find any strong indication for contribu-

tions from a hypothetic narrow P11 state with a width of

15-20 MeV around W=1.68 GeV. It is natural to assume

that the contribution from this state would induce a strong

modification of the beam asymmetry for energies close to
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the mass of this state. This is because the beam asymme-

try is less sensitive to the absolute magnitude of the vari-

ous partial wave contributions but strongly affected by the

relative phases between different partial waves. Thus even

a small admixture of a contribution from a narrow state

might result into a strong modification of the beam asym-

metry in the energy region of W=1.68 GeV.

Figure 7. (Differential ηp cross section compared to GRAAL

data [38].

In Fig. 7 we show results for the photon-beam asym-

metry Σ in comparison with the GRAAL data. One can

see that even close to the ηN threshold where our cal-

culations exhibit a dominant S 11 production mechanism

the beam asymmetry is non-vanishing for angles cos(θ) ≥
−0.2. This shows that this observable is very sensitive to

very small contributions from higher partial waves. At

W=1.68 GeV and forward angles the GRAAL measure-

ments show a rapid change of the asymmetry behavior.

We explain this effect by a destructive interference be-

tween the S 11(1535) and S 11(1650) resonances which in-

duces the dip at W=1.68 GeV in the S 11 partial wave. The

strong drop in the S 11 partial wave modifies the interfer-

ence between S 11 and other partial waves and changes the

asymmetry behavior. Note that the interference between

S 11(1535) and S 11(1650) and the interference between dif-

ferent partial waves are of different nature. The overlap-

ping of the S 11(1535) and S 11(1650) resonances does not

simply mean a coherent sum of two independent contribu-

tions, but also includes rescattering (coupled-channel ef-

fects). Such interplay is hard to simulate by the simple

sum of two Breit-Wigner forms since it does not take into

account rescattering due to the coupled-channel treatment.

6 Double-pion production on the nucleon

In certain energy regions the πN → 2πN reaction ac-

counts for up to 50% of the πN inelasticity as seen in

Fig.1. Therefore, this production channel had been in-

cluded from the very beginning into the GiM approach, al-

beit in a schematic manner. An improved and considerably

extended description of double-pion production within our

coupled channels scheme was started recently and first re-

sults are found in [7]. The inclusion of multi-meson con-

Figure 8. Diagrammatic structure of the tree-level interactions

contributing to double-pion production on the nucleon.

figurations into a coupled channels approach is a highly

non-trivial exercise in three-body dynamics and beyond.

In view of the complexities physically meaningful approx-

imations are necessary, retaining the essential dynamical

aspects but making numerical calculations feasible. For

that goal the ansatz used in [7] relies on an isobar descrip-
tion of intermediate two-pion configurations and their de-

cay into the final double pion states on the mass shell. In

Fig.8 the tree-level interactions for two-pion production

are displayed diagrammatically. The derived processes

contributing to the T-matrix of double-pion production on

the nucleon in that energy region are depicted in Fig.9.

This approach allows for the direct analysis of the 2πN
experimental data. Since the corresponding Dalitz plots

are found to be strongly non-uniform it is natural to as-

sume that the main effect to the reaction comes from the

resonance decays into isobar subchannels [42]. The most

important contributions are expected to be from the inter-

mediate σN, πΔ1232, and ρN states. The analysis of the

πN → 2πN reaction would therefore provide very im-

portant information about the resonance decay modes into

different isobar final states. Presently, lattice simulations,

e.g. [47, 48], and functional approaches as in [49] are ap-

plied to approach the baryon spectrum from the QCD-side.

However, despite considerable progress a number of open

problems are persisting like the incorporation of the dis-

persive self-energies from the coupling of the QCD con-

figurations to the meson-nucleon decay channels. Similar

to the constituent quark models [50, 51] the QCD-inspired
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Figure 9. The processes contributing to double-pion produc-

tion T-matrix are depicted diagrammatically: (a) and (b) pro-

duction through the σ-isobar, (c) and (d) production through the

Δ0-isobar. Symmetrization is indicated.

calculations predict a much richer baryon spectrum [48]

than observed experimentally so far.

Clearly, an unambiguous identification of the excita-

tion spectrum of baryons would provide an important link

between theory and experiment. On the experimental side

most of the non-strange baryonic states have been iden-

tified from the analysis of elastic πN data [40, 52, 53].

However, as pointed out by Isgur [50], the signal of ex-

cited states with a small πN coupling is likely to be sup-

pressed in elastic πN scattering. As a solution to this

problem a series of photoproduction experiments has been

done in order to accumulate enough data for detailed stud-

ies of the nucleon excitation spectrum. However, the re-

sults from the photoproduction reactions are still contro-

versial. While recent investigations of the photoproduc-

tion reactions presented by the BoGa group [54] reported

indications for some new resonances not all of these states

are found in other calculations [41]. This raises a question

about an independent confirmation of the existence of such

states by other reactions. Because of the smallness of the

electromagnetic couplings the largest contribution to the

resonance self-energy comes from the hadronic decays.

If the N∗ → πN transition is small one can expect siz-

able resonance contribution into remaining hadronic decay

channels. As a result the effect from the resonance with a

small πN coupling could still be significant in the inelastic

pion-nucleon scattering: here the smallness of resonance

coupling to the initial πN states could be compensated by

the potentially large decay branching ratio to other differ-

ent inelastic final states. Such a scenario is realized e.g.

in the case of the well known N∗(1535) state. While the

effect from this resonance to the elastic πN scattering is

only moderate at the level of total cross section its contri-

bution to the πN → ηN channel turns out to be dominant

[4]. Since the πN → 2πN reaction could account for up

to 50 % of the total πN inelasticity this channel becomes

very important not only for the investigation of the prop-

erties of already known resonances but also for the search

for the signals of possibly unresolved states.

Another important issue in studies of the 2πN channel

is related to the possibility to investigate cascade transi-

tions like N∗′ → πN∗ → ππN, where a massive state N∗′

decays via intermediate excited N∗ or Δ∗. It is interesting
to check whether such decay modes are responsible for the

large decay width of higher lying mass states. So far only

the πN∗(1440) isobar channel has been considered in [42]

in a partial wave analysis (PWA) of the πN → 2πN exper-

imental data [42].

There are several complications in the coupled-

channel analysis of 2 → 3 transitions. The first one is

the difficulty to perform the partial-wave decomposition

of the three-particle state. The second complication is re-

lated to the issue of three-body unitarity. For a full dynam-

ical treatment of the 2→ 3 reaction the Faddeev equations

have to be solved. This makes the whole problem quite dif-

ficult for practical implementations. Here we address both

issues and present a coupled-channel approach for solv-

ing the πN → 2πN scattering problem in the isobar ap-

proximation. In this formulation the (π/ππ)N → (π/ππ)N
coupled-channel equations are reduced to the two-body

scattering equations for isobar production. Such a descrip-

tion accounts by construction for the full spectroscopic

strength of intermediate channels and, in addition provides

a considerable numerical simplification. Three-body uni-

tarity leads to a relation between the imaginary part of the

elastic scattering amplitude and the sum of the total elas-

tic and inelastic cross sections by the well known optical

theorem. Since in the isobar approximation the pions in

the ππN channel are produced from the isobar subchan-

nels all contributions to the total πN → ππN cross section

are driven by the isobar production. The optical theorem

can be fulfilled if all discontinuities in isobar subchannels

are taken into account. In the present work the three-body

unitarity is maintained up to interference term between the

isobar subchannels.

As a first application of our model we apply the devel-

oped approach for the study of the π−p → π0π0n data in

the first resonance energy region assuming the dominant

S 11 and P11 partial wave contributions in the σN and πΔ
reaction subchannels. The main purpose of this paper is

to introduce the model and demonstrate the feasibility of

treating two-pion dynamics in the framework of a large-

scale coupled channels approach. For this aim, we restrict

the calculations to the π0π0n channel, taking advantage of

the fact that only isoscalar two-pion and πΔ isobar chan-

nels are contributing to the process. We emphasize that

this restriction is not a matter of principle but is only for

the sake of a feasibility study. In particular, this means that

at this stage we do not consider the ρN state but postpone

its inclusion into the numerical scheme to a later stage.

Naturally, the results presented in the following are most

meaningful for the energy region of the N∗(1440) Roper
resonance.

The first resonance energy region is of particular in-

terest because of the sizable effect from N∗(1440). The

dynamics of the Roper resonance turns out to be rich be-

cause of the two-pole structure reported in earlier studies

[55, 56], (see [40, 57, 58] for the recent status of the prob-

lem. ) The origin of the Roper resonance is also controver-

sial. For example the calculations in the Jülich model ex-

plain this state as a dynamically generated pole due to the

strong attraction in the σN subchannel. At the same time

the Crystal Ball collaboration finds no evidence of strong

t-channel sigma-meson production in their π0π0 data [59].
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From the further analysis of the π0π0 production the ef-

fect of the sigma meson was found to be small [60]. On

other hand the pp → ppπ0π0 scattering experiment by

CELSIUS-WASA collaboration [61] finds the σN decay

mode of the Roper resonance to be dominant.

In view of these problems we have performed an anal-

ysis of the π0π0 data assuming dominant contributions

from the S 11 and P11 amplitudes in the isospin I = 1
2

channel. Since the effect from N∗(1520) is expected to

be important above 1.46 GeV we have limited the present

calculations up to
√

s =1.46 GeV energy region.
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Figure 10. Reaction π−p → π0π0n: differential cross section

and bare phase space distribution (short dashed) as a function of

m2
ππ at fixed c.m. energies are compared to the Crystal Ball data

(dashed) [60].

.
The difference between σN and πΔ production mech-

anism is seen in the invariant mass distributions, Fig. 10.

Close to threshold the Crystal Ball data demonstrate a shift

to the higher invariant masses for all energies up to 1.5

GeV whereas the three-body phase space tends to have a

maximum at lower m2
π0π0

. In the present calculations the

main contributions to the π−p → π0π0n reaction close

to threshold are driven by t-channel pion exchange. This

mechanism produces the invariant distributions which are

shifted to the higher π0π0 invariant masses. However, the

present calculations do not completely follow the experi-

mental data at 1.303 and 1.349 GeV.

In the region of the Roper resonance our calculations

are able to describe the mass distributions rather satisfac-

torily. Also in this region the production strength is shifted

to higher invariant masses m2
π0π0

. At the same time a peak

at small m2
π0π0

becomes also visible. In the present calcula-

tions the fit tends to decrease the magnitude of the πΔ1232

production and compensate it by enhancing the strength

into σN. The obtained decay branching ratio of N∗(1440)
for theσN channel is about twice as large as for the πΔ1232.

Both the small peak at small and the broad structure

at large invariant masses are well reproduced indicating an

important interplay between the σN and πΔ1232 produc-

tion mechanism. It is interesting that the isoscalar correla-

tions in the ππ rescattering are also found to be necessary

in order to reproduce the asymmetric shape of the mass

Figure 11. π0π0 differential cross sections for the reaction

π−p → π0π0n at fixed tπ0π0 = cos θπ0π0 , shown in the upper left

corner of the the panels. Energy distributions for −0.95 ≤ tπ0π0 ≤
+0.95 are shown. The experimental data are from [60].

distributions. Though the πΔ1232 production gives rise to

a two-peak structure only the first one at small m2
π0π0

is

visible at energies 1.4-1.468 GeV. Within the present cal-

culation the second peak at high m2
π0π0

is not seen because

of the large σN contributions. In the present study π0π0n
production is calculated as a coherent sum of isobar contri-

butions. Though the interference effect are important they

are found to be very small at the level of the total cross

sections.

We briefly discuss the reaction data base used in the

calculations. To simplify the analysis the S 11 and P11 πN
partial waves are directly constrained by the single energy

solutions (SES) derived by GWU(SAID) [40]. The exper-

imental data on the π−p → π0π0n reaction are taken from

[60]. These measurements provide high statistics data on

the angular distributions dσ/dΩππ, where Ωππ is the scat-

tering angle of the ππ pair (or the final nucleon in c.m.).

This data are accompanied by the corresponding statistical

and systematical errors. No such information is available

for the mass distributions in [60]. These observables are

provided in a form of weighted events without systematic

and statistical uncertainties. In the data analysis we im-

pose the constraint that the integrated distributions must

reproduce the total cross section of the π−p → 2π0n reac-

tion. We also have assigned about 10% error bars to each

mass bin to perform the χ2 minimization. Starting from

1.46 GeV the excitation of N∗(1520) starts to be impor-

tant. Already at this energy a small contribution from the

spin J = 3
2
partial wave could modify the angular and mass

distributions. Because of this reason we do not try to fit the

data above 1.46 GeV.

The calculated π0π0 differential cross sections are

shown in Fig. 11 and compared to the Crystal Ball data as

a function of the c.m. energy. The measurements demon-

strate a rapid rise of the cross sections at the energies 1.3-

1.46 GeV.We identify this behavior as an indication for the

strong contribution coming from the Roper resonance. In-

deed, the resulting πN inelasticities from the GWU(SAID)

[40] analysis indicate that the P11 partial wave dominates
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Figure 12. (Color online) Comparison of the GiM N∗ resonance
level scheme in various partial waves to the recent PDG compi-

lation [41].

the inelastic transitions at these energies. The inelastic-

ity from the S 31 channel is about three times less than

that from P11. At the same time the Δ(1620) is strongly

coupled to the 2πN final state through the πΔ1232 decay

[41]. Since the contribution from the σN subchannel is

found in the present work to be about twice as large than

that of πΔ1232 possible effects from the Δ(1620) resonance

can safely be neglected in first approximation. We also al-

low the N∗(1535) resonance decays to the πΔ1232 and σN
isobar final states which are however found to be negligi-

ble. At energies close to 1.5 GeV the obtained cross sec-

tion slightly overestimates the experimental data at back-

ward and underestimates them at forward scattering an-

gles. This is a region where the N∗(1520) starts to play

a dominant role. We conclude that the contribution from

the D13 partial wave should be included for the successful

description of the data at 1.5 GeV.

The invariant π0π0 mass distributions play a crucial

role in the separation of the isobar contributions. The

π−p → π0π0n reaction close to threshold is dominated by

the σN production due to the t−channel pion exchange.

The nucleon Born term contribution to the πΔ1232 chan-

nel is found to be less significant. For the decay branch-

ing ratios of N∗(1440) we obtain RN(1440)
σN = 27+4−9% and

RN(1440)

πΔ1232
= 12+5−3%.

The comparison of our results with the parameters

extracted by the BoGa group RN(1440)
σN = 17+7−7% and

RN(1440)

πΔ1232
= 21+8−8% demonstrates that despite on the visi-

ble difference in the central values these quantities could

still coincide within their error bars. The extended analy-

sis of the ππN which includes higher partial waves would

help to reduce the uncertainties of the extracted resonance

properties.

7 Summary

Excited states of the nucleon as observed in πN and γN
reactions have been described in the GiM coupled chan-

nels approach. The theoretical background was discussed.

The GiM approach is based on a phenomenological field

theory described the baryons, mesons, and their interac-

tions by a Lagrangian density conserving by construction

the fundamental symmetries of QCD, including also chiral

symmetry. Resonance and background contributions are

generated consistently out of the tree-level interactions ob-

tained from the Lagrangian. The scattering amplitudes are

determined by linear system of coupled equations which is

solved numerically in K-matrix approximation and partial

wave representation. The gauge-invariant description of

high-spin resonances was discussed in detail. Applications

to selected reaction channels have been presented, ranging

from single pion, eta, and kaon production to double-pion

production. The spectroscopic results are summarized in

Fig.12 where the GiM spectrum of resonances is compared

to the recent PDG resonance compilation.
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