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Theory

In this chapter an introduction to the theoretical framework used in this
work is given. After a general introduction, both the quark models and
the K-matrix approach will be explained.

2.1 Quantum Chromodynamics

All hadrons are composed of quarks: mesons as a quark-antiquark com-
bination, baryons as a three-quark combination. Six different flavors of
quarks exist, their properties are summarized in table 2.1. As explained in
the introduction, the classification of the ∆++ resonance necessitates the
introduction of an additional degree of freedom for the quarks, namely
color. Each quark can carry one of three colors: red, green, or blue. An
antiquark can carry the colors antired, antigreen, or antiblue. Only fully
antisymmetric color singlet states have been observed in nature so far, so
that for baryons the color wave function must be:

|color〉A =
√

1/6(RGB − RBG + BRG − BGR + GBR − GRB) (2.1)

The interactions between these quarks, described by QCD, proceed via
the exchange of gluons. These particles cause color exchange because they
carry a color and an anti-color. For instance a red and a blue quark may
switch their colors by exchange of a blue-antired gluon. The process is
similar to the electromagnetic interaction via photon exchange, but with
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10 CHAPTER 2. THEORY

Name Symbol Spin Charge BN Isospin S C B T
Up u 1/2 +2/3 1/3 +1/2 0 0 0 0
Down d 1/2 -1/3 1/3 -1/2 0 0 0 0
Strange s 1/2 -1/3 1/3 0 -1 0 0 0
Charm c 1/2 +2/3 1/3 0 0 +1 0 0
Bottom b 1/2 -1/3 1/3 0 0 0 -1 0
Top t 1/2 +2/3 1/3 0 0 0 0 +1

Table 2.1: Summary of quark quantum numbers including Baryon number (BN),
Strangeness (S), Charm (C), Bottom (B), and Top (T).

an important difference. Unlike the photon, which does not carry any
charge, a gluon does carry color and can therefore couple to itself. This
has an important consequence for the coupling constant αs of the strong
force.
Just like the bare electron charge is surrounded by a cloud of virtual e+e−

pairs, the bare quark is also surrounded by a cloud of virtual particles. In
the case of a bare electron the positrons in the surrounding cloud screen its
charge, such that the value of the coupling constant α of the electromag-
netic interaction decreases as one moves further away from the source.
For the quark, the situation is similar but not identical. It is similar be-
cause the quark is surrounded by a cloud of virtual quark-antiquark pairs
screening its color charge, but it is different because the gluons which me-
diate the color force behave differently from the photons that mediate the
electromagnetic force. The gluons in the cloud also carry a color charge,
amplifying the color charge of the bare quark. This effect is known as anti-
screening. In addition the gluon can couple to itself, and the effect is that
the anti-screening by the gluons overcomes the screening of the quarks so
that the value of αs becomes larger as one moves further away from the
quark.
At small distances αs becomes small (an effect which is called asymptotic
freedom), while at large distances it rises linearly with the distance be-
tween the bare quark at the origin and the probe. If the separation becomes
large enough it will be energetically favorable to create a quark-antiquark
pair between the two separating quarks. It is therefore not possible to ob-
serve a free quark, an effect which is called confinement.
Stated another way, αs is a function of the interaction energy. If the probe
has a very high energy, it will be able to come close to the bare quark, and
αs will be small. In this case, the calculation of the process is simplified,
as values of αs << 1 allow perturbative QCD to be applied. At lower
energies, such as those involved in the experiments described in this work
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Figure 2.1: The three quarks inside
the baryon among the quark sea.

Figure 2.2: The three constituent
quarks.

(1 GeV - 3 GeV) the coupling constant is close to 1 so that the expansion
used for the perturbative approach can no longer be used.

2.1.1 Quark models

As described above, in addition to the three quarks that form the baryon,
the QCD Lagrangian gives rise to a large number of quark-antiquark pairs
inside the nucleon (the quark sea). Additionally, because the gluon can
couple to itself, there are also a large number of gluons turning into gluon-
gluon combinations within the sea. This situation is schematically pic-
tured in figure 2.1. As perturbative QCD cannot be applied, effective mod-
els have been developed to gain insight into the spectrum and properties
of the baryons.
These quark models treat the nucleon as if it consists of the three non-sea
quarks only. To account for the quark sea, the three effective quarks are
assumed to have a spatial extent and much larger mass. These artificial
quarks are called constituent quarks. This situation is schematically de-
picted in figure 2.2.

2.1.2 K-matrix approach

Although the effective quark models may predict the baryon resonances,
an experiment can never measure these states in isolation. An experi-
ment only observes a particular final state, and one cannot differentiate the
events produced via resonances from non-resonant mechanisms. To take
all contributions into account, the K-matrix approach is used in this work.
The K-matrix approach is an effective Lagrangian approach, in which the
quarks are not the basic degrees of freedom. Instead, the Lagrangian is
calculated by taking resonances as input, together with their meson and
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photon couplings. This procedure provides the means to calculate reac-
tion cross sections.

2.2 Naive quark models

The first model which tried to explain the baryon spectrum has been pro-
posed by Isgur and Karl [24]. They start from the situation depicted in fig-
ure 2.2, so they assume the baryon to consist of three constituent quarks,
interacting via one-gluon exchange. In the model they consider only the
three lightest quark flavors: up, down, and strange. Because quarks are
fermions, the total wave function must be anti-symmetric. The hadrons
are colorless and the color wave function is assumed to be the completely
anti-symmetric singlet state. This means that the combined space, spin,
flavor wave function must be symmetric, i.e. the total wave function can
be written as:

|qqq〉A = |color〉A × |space, spin, flavor〉S (2.2)

2.2.1 Mixing spin and flavor

Since there are three spin- 1
2

quarks in the baryon, they can combine into
eight states: a symmetric quadruplet, and two doublets of mixed symme-
try, in the following way:

SU(2) : 2 � 2 � 2 = 4S � 2MS
� 2MA

(2.3)

There are only three flavors to consider, so we can write the combinations
in a similar fashion:

SU(3) : 3 � 3 � 3 = 10S � 8MS
� 8MA

� 1A (2.4)

As each state must have a definite symmetry, the mixed symmetry states
seem useless at first glance. They only have symmetry for certain per-
mutations, but not for all. However, the flavor- (φ) and spin-states (χ) of
mixed symmetry can be combined with each other to form total states (Ψ)
of definite symmetry in the following ways:√

1/2(φMA
χMA

+ φMS
χMS

) = ΨS (2.5)√
1/2(φMA

χMS
− φMS

χMA
) = ΨA√

1/2(φMA
χMS

+ φMS
χMA

) = ΨMA√
1/2(φMA

χMA
− φMS

χMS
) = ΨMS
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Using these rules the symmetry of the flavor-spin part can be easily deter-
mined. Grouping these results into symmetry-multiplets, the following is
obtained:

56 − plet : S (10, 4) + (8, 2) (2.6)

70 − plet : MS (10, 2) + (8, 4) + (8, 2) + (1, 2)

70 − plet : MA (10, 2) + (8, 4) + (8, 2) + (1, 2)

20 − plet : A (1, 4) + (8, 2)

In this notation, (10, 2) means a 20-plet obtained by combining a spin dou-
blet with a flavor decuplet.

2.2.2 The spatial wave function

The spatial part of the wave function is modeled by using a three dimen-
sional harmonic oscillator potential to describe the force acting between
two of the three quarks. As these three oscillators are coupled, the Hamil-
tonian can be written as follows:

H =
i=3∑

i

(
mi +

p2

2mi

)
+

∑
i<j

1/2Kr2
ij +

∑
i<j

H ij
hyp + U (2.7)

The masses in this formula correspond to the constituent quark masses.
From the first term in the above Hamiltonian it is clear that the model is
non-relativistic, a shortcoming which will be discussed in more detail in
section 2.2.7. The second term is an harmonic oscillator potential, which is
easy to work with and is used as an approximation for the forces connect-
ing the two quarks. The term U is an anharmonicity used to account for
Coulomb forces between the quarks. The hyperfine splitting term Hhyp is
modeled on one gluon exchange [27], and consists of two terms:

H ij
hyp =

2αs

3mimj

{8π

3
si · sjδ

3(r) +
1

r3
(3(si · r̂)(sj · r̂) − si · sj)} (2.8)

Modeling the hyperfine interaction on one gluon exchange is not the only
approach that can be taken. Glozman and Riska [26] use another hyperfine
interaction in their model, based on one pion exchange. The first of these
terms is the Fermi contact term, and the second a tensor term. The three
coupled harmonic oscillators can be transformed into two uncoupled os-
cillators with the same spring constant by separating the center of mass
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motion. Introducing the center of mass coordinates R, ρ, and λ the second
term of the Hamiltonian now can be rewritten as:

H = HCM +
p2

ρ

2m
+

p2
λ

2m
+

3K

2
(ρ2 + λ2) (2.9)

For such a system we have the following quantum numbers for the orbital
angular momentum, total spin, and parity:

L = lρ + lλ (2.10)

J = L + S

P = (−1)lλ+lρ

In the ground state neither one of the oscillators contains a quantum of an-
gular momentum, so that the parity of the spatial wave function becomes
positive, and only the completely symmetric states from equation 2.6 can
combine to a totally symmetric wave function. This means the ground
state consists of the well known spin- 1

2
octet and a spin- 3

2
decuplet shown

in figure 1.1. The total angular momentum is completely determined by
the total spin, and the parity of all states is positive.
In the first excited state [25], only one quantum of angular momentum is
present. By examining the two transformed coordinates from equation 2.9
it is easily seen that the spatial wave functions in this case are of mixed
symmetry and therefore only the two mixed symmetry 70-plets are possi-
ble partners in this level. This yields a host of states, tabulated in table 2.2.
Continuing in this way it is possible to construct the higher states as well.

term 1 2 3 4

Yield 2 decuplets 3 octets 2 octets 2 singlets

JP 1
2

−

, 3
2

− 1
2

−

, 3
2

−

, 5
2

− 1
2

−

, 3
2

− 1
2

−

, 3
2

−

Table 2.2: Quark model states for the first excited level.

2.2.3 Mass assignment

In their model, Isgur and Karl assign a mass to each of the SU(6) multi-
plets. In the first step those masses are split according to the value of the
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strangeness quantum number. The mass difference is given by the opera-
tor:

∆M = −
∑

i

(1 − xi)
p2

i

2md

+
∑

i

∆mi (2.11)

This mass difference comes about due to the difference in mass of the con-
stituent quarks making up the system, but also because a heavier quark
carries less kinetic energy. The parameters that define the splitting are the
∆m = ms − mu quark mass difference, the ratio x = mu

ms
and the oscillator

frequency ω. Typical values for these parameters are ω ≈ 520 MeV, x ≈ 0.6
and ∆m ≈ 280 MeV .
Secondly, the hyperfine splitting is introduced to split the masses further.
The contact term of the interaction (the first term of equation 2.8) for in-
stance, splits the spin- 1

2
and the spin- 3

2
multiplets of the negative parity

N∗(J = 1
2
) and N ∗(J = 3

2
) excited states. This interaction depends on

the harmonic oscillator strength ω, the quark mass, and the strong cou-
pling constant αs. To determine the value of αs, the N − ∆ splitting in
the ground state 56-plet (300 MeV) is used. Finally, the tensor part of the
spin-spin interaction is applied. This shifts the masses again but the shift
is smaller compared to the contact term. Its strength is already fixed by the
N−∆ splitting that determined the strength of the contact interaction. The
effect of the tensor term is to mix states of equal flavor and equal JP , so
that a mixing angle can be extracted. For the negative parity non-strange
baryons, this implies mixing between the two N ∗(J = 1

2
) states, and also

between the two N ∗(J = 3
2
) states (Karl and Isgur calculate a mixing angle

of -32° in the first, and +6° in the latter case).

2.2.4 Branching ratios

A resonance is never observed directly, only its decay products are mea-
sured. In order to identify to which decay channels a specific resonance
contributes, the quark models need to be extended. The problem is that
the precise operator responsible for the strong decays is not known as
it should come from a full treatment of QCD. Therefore approximations
have to be used, such as the so called 3P0 model.
In this model, the decays are included by allowing a quark-antiquark pair
to be created anywhere in space with quantum numbers equal to the QCD
vacuum (0++). In the notation 2S+1LJ this becomes 3P0, from which the
model derives its name. Although the quark-antiquark pair can in princi-
ple be created anywhere in space, the probability depends on the amount
of overlap between the wave functions of the newly created meson and
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the baryon. This makes decays with a meson created far away from the
hadron unlikely to happen. Capstick and Roberts, whose model was men-
tioned in the introduction (see section 1.2), use such an approach for their
prediction of the branching ratios of the baryon resonances.

2.2.5 Classification of baryon resonances

The classification of baryon resonances originates from pion scattering ex-
periments. As an example the ∆(1232) might be taken. Since the pion has
J = 0−, I = 1 and the nucleon has J = 1/2+, I = 1/2, the two particles
must be in a relative P wave in order to form the J = 3/2+, I = 3/2 ∆ (the
D-wave is forbidden due to parity conservation). The name then becomes
L2I,2J = P33. In this classification the S11 states are those resonances found
on the L = 0 partial wave in π-N scattering, which are the resonances with
quantum numbers JP = 1/2− and isospin 1/2. The lowest lying states
with those quantum numbers are found in the first excited state of the
harmonic oscillator, the states of which are shown in table 2.2. Two S11

states exist, one in each JP = 1/2− octet in the table.

2.2.6 Example of a quark model prediction

As an example, mass predictions from a recent quark model [28] are de-
picted in figure 2.3 for the nucleon resonances. The figure also illustrates
the missing resonance problem mentioned in the introduction, since the
predicted states outnumber the experimentally established states. The two
lowest S11 states mentioned in the introduction (at 1535 and 1650 MeV) are
indicated in the figure.

2.2.7 Discussion of the naive quark model

Although effective quark models have been very successful in explain-
ing the experimentally established pattern of the baryon masses, there are
some inherent problems to be addressed. They are:

• As mentioned in section 2.1.1 the model does not start from the QCD
Lagrangian, but is only motivated by it. The quarks used are the
constituent quarks which have masses of several 100 MeV and are
extended objects. At higher energies the full QCD structure (such as
gluonic excitations) of the nucleon will become noticeable and the
model will cease to be applicable. In addition the model is non-
relativistic, although this is not justified for light quarks in a tightly
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Figure 2.3: Predictions from a recent quark model [28] for the masses of the nu-
cleon resonances. The horizontal axis shows the quantum numbers of the reso-
nance, the vertical axis indicates the resonance mass. The black bars indicate the
predicted resonances, the gray fields show the experimentally established reso-
nances. See text for more details.
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bound system. Relativised models such as [28] are available, which
try to remedy this shortcoming.

• Secondly, the hyperfine interaction in equation 2.8 is incomplete. In
addition to the spin-spin interaction in the equation, more terms
should be taken into account. The most important of these is the
spin-orbit interaction. In fact, when Karl and Isgur calculate the
strength of the spin-orbit interaction they end up with a mass shift of
500 MeV, completely destroying the agreement between their model
and the data.

A possible explanation for this fact might be that the spin-orbit inter-
action is cancelled by the Thomas precession due to the potential U .
Karl and Isgur show that also the strengths of these interactions are
of the same magnitude, while the signs are opposite.

Moreover, other forms of the hyperfine interaction are possible be-
sides the one gluon exchange used by Isgur and Karl, such as the
one pion exchange used in the model of Riska and Glozman [26]. In
their publication [8] they have shown that this particular form of the
hyperfine interaction is able to account for the difference in branch-
ing ratios between the S11(1535) and the S11(1650) as mentioned in
the introduction.

• Finally, as was already mentioned in Chapter 1, all models predict
far more resonances than have been observed experimentally. An
explanation might be found in the fact that the degrees of freedom
of the problem are not well known. One possible reason the mod-
els predict more states than are observed experimentally, is that the
models might allow too many degrees of freedom, i.e. three valence
quarks. A possible solution is that two of the three quarks are tightly
bound, so that their excitation would lie much higher in energy. An
overview of this quark-diquark structure can be found in [1].

A good overview of the different quark models can be found in [30].
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2.3 Coupled channels calculations

2.3.1 The Lippmann-Schwinger equation

In scattering theory, the Schrödinger equation is written as follows:

(H0 + H1)|Ψ〉 = E|Ψ〉 (2.12)

where H0 is the free-particle Hamiltonian, and H1 represents the interac-
tion. Rewritten in a slightly different form, this is known as the Lippmann-
Schwinger equation:

|Ψ〉 = |φ〉 +
1

E − H0 ± iε
H1|Ψ〉 (2.13)

H1|Ψ〉 = H1|φ〉 + H1
1

E − H0 ± iε
H1|φ〉 + ... = T |φ〉

The operator on the right hand side of the equation is the transition op-
erator T. If we have partial waves with different angular momentum, T
becomes a matrix. Closely related to it the scattering- or S-matrix, relating
the incoming waves to the outgoing waves:

S = 1 + 2iT (2.14)

2.3.2 K-matrix approach

In the K-matrix approach [31] an additional matrix is defined in the fol-
lowing way:

T =
K

1 − iK
= K + iK2 − K3 − ... (2.15)

where K is called the kernel. In the kernel any number of diagrams may
be included, but as will be explained in section 2.3.4, in the model used in
this work only tree-level diagrams are used. Higher order diagrams are
accounted for by using form factors for the nucleon.
In order to ensure unitarity of the S-matrix, the K-matrix may only con-
tain imaginary contributions. When one compares the definition of the K-
matrix (equation 2.15) to the expression for the transition matrix derived
earlier (equation 2.13) it becomes clear that the real part of the propagator
has been dropped, and only the imaginary part is retained. From the form
of the propagator:

1

E − H0 ± iε
(2.16)
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this must mean that H0|φ〉 = E|φ〉 or, in other words, that only the on-
shell intermediate particles are allowed. This procedure guarantees the
S-matrix is unitary, as will be explained below.

Inspecting the expansion in equation 2.15, we can interpret the different
terms. The first term of the series describes a simple scattering, where a
particle interacts only once. The following terms describe re-scattering,
where the interaction creates an intermediate particle which undergoes a
second interaction. As more and more terms of the series are included,
more and more re-scatterings are described.

If multiple channels are involved, e.g. π and γ, the transition operator
becomes a matrix written in the following way:

T =

[
Tγγ Tγπ

Tπγ Tππ

]
(2.17)

Couplings between different decay channels enter in a natural way. Con-
sidering the case where only γ’s and π’s are involved, the K2 term in equa-
tion 2.15 becomes the matrix:

K2 =

[
KγγKγγ + KγπKπγ KγγKγπ + KγπKππ

KπγKγγ + KππKπγ KπγKγπ + KππKππ

]
(2.18)

The main advantage of this method is that all channels are treated simulta-
neously. If one channel opens up, it has a direct effect on other channels as
more intermediate states become available and, moreover, the new chan-
nel may start to drain flux away from the original channel. Further, sym-
metries and other properties of the model will be treated in section 2.3.5
and onwards.

2.3.3 The model of Usov and Scholten

Different models based on the K-matrix approach exist, such as the Giessen
model [34] and the KVI model [33]. In the remainder of this chapter we
concentrate on the KVI model of Usov and Scholten, which is used in this
work.

All channels contained in the matrix given in equation 2.18 for the KVI
model are tabulated in table 2.3. This includes only 2-body final states.
The three-body final states, e.g. Nππ, are not included explicitly, but are
taken into account via a modification to the resonance widths.
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Channels
K − Λ
K − Σ
N − φ
N − η
N − γ
N − π
N − ρ

Table 2.3: The channels used in the model.

2.3.4 Kernel

To create the kernel K the tree diagrams shown in figure 2.4 are used. The
first two, the s- and u-channel diagrams, are the nucleon Born terms. This
type of diagram may contain resonances (diagram 4 and 5). The t-channel
(diagram 3) contains vector meson exchanges. As can be seen from the ex-
pansion in equation 2.15 higher terms combining two or more tree chan-
nel diagrams are also present. For example the term K2 contains diagrams
obtained by combining two tree level diagrams to form more complicated
diagrams as is shown in figure 2.5, where an s- and a u-channel diagram
are added together to obtain one of the diagrams contribution to K 2.
However, not all possible diagrams are generated in this way. An exam-
ple is shown in figure 2.6. There is no way to construct this diagram out of
the tree level diagrams. These diagrams do have to be accounted for and
this is done via the addition of form factors and contact terms. More de-
tails about this procedure can be found in the section on gauge invariance
below (section 2.3.8).
The resonances included in the s- and u-channel diagrams of the kernel of
the KVI model are tabulated in table 2.4 together with the coupling con-
stants. The masses are bare masses and may deviate from the PDG values.
The width quoted is the partial decay width to states not considered in the
model.

2.3.5 S-matrix unitarity

A necessary requirement is that the scattering matrix S is unitary. From
the relation between the scattering matrix and the K-matrix it is easily seen
that this is the case, if the K-matrix is hermitian:

S = 1 + 2i(1 − iK)−1K = (1 − iK)−1(1 + iK) (2.19)
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3

4 5

1 2

Figure 2.4: The tree-level diagrams used in the model. The diagrams shown are
those involved in photoproduction, but others can be generated by substituting
the incoming photon with a meson.

Figure 2.5: Addition of s- and u-channel diagrams. The resulting diagram is part
of the matrix K2 given by equation 2.18

Figure 2.6: One of the diagrams which is not automatically generated by the
model.
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LIJ M W gNπ g1
Nγ g2

Nγ gKΛ gKΣ gNη

N 0.939 0.000 13.47 12 8.7 3.0
Λ 1.116 0.000
Σ 1.189 0.000
S11 1.525 0.000 0.6 -1.2 0.1 0.0 2.0
S11 1.690 0.030 1.0 -1.0 -0.1 0.0 -0.5
S11 1.630 0.100 3.7 -0.25 -0.8
P11 1.480 0.200 5.5 1.0 0.0 -2.0 0.0
P11 1.750 0.300 3.0 0.3 0.0 -6.0 0.0
P13 1.750 0.300 0.12 -0.5 2.0 -0.035 0.0 0.0
P33 1.230 0.000 1.7 -2.2 -2.7 0.0
P33 1.855 0.150 0.0 -0.4 -0.6 0.55
D13 1.515 0.050 1.2 5.0 5.5 2.0 0.0 2.0
D13 1.700 0.090 0.0 -1.0 0.0 0.0 0.3 0.0
D33 1.670 0.250 0.8 1.5 0.6 -3.0

Table 2.4: Resonance parameters (bare mass, width, coupling constants) used in
the KVI model.

π0

N
Figure 2.7: A typical one-loop diagram

2.3.6 Analyticity

Apart from unitarity of the S-matrix, analyticity is another property the
scattering amplitude should have. It is closely related to causality. To un-
derstand what analyticity entails, one can consider the diagram illustrated
in figure 2.7, which is a loop correction to the self energy. The calculation
of this contribution involves an on-shell part which is real and an off-shell
part which is imaginary. Analyticity requires that both parts are taken into
account and are related to each other via the Cauchy theorem.

In the K-matrix approach only the imaginary parts are kept, and the real
parts are discarded which guarantees unitarity of the S-matrix, but violates
analyticity.
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2.3.7 Covariance

The results of the calculations should not depend on the frame of reference
used. Cross sections, for instance, cannot be different when calculated in
the center of mass frame or the laboratory frame. Therefore, in the calcu-
lation, the appropriate Lorentz-invariant notations and γ-matrix algebra
has been used, which ensures that all results transform properly under
the Lorentz transformations.

2.3.8 Gauge invariance

In the kernel, only tree-level diagrams are included (shown in figure 2.4).
Using only those diagrams would lead to a strong overestimation of the
cross sections at higher energies. This is an effect of ignoring the imaginary
part of the kernel described in section 2.3.6 and the diagrams missing from
the model described in section 2.3.4. Another way to view this is that at
high energies the quark structure of the nucleon, which is not included in
the model, comes into play.
These missing diagrams are accounted for by the introduction of a form
factor for the baryons of the form:

Fm(s) =
Λ2

Λ2 + (s − m2)2
(2.20)

In this equation m is the resonance mass,
√

s is the center of mass energy,
and Λ is a cutoff parameter for which 1.2 GeV was used. The use of a form
factor creates another problem, however, as it violates gauge invariance.
Since the form factor changes the nucleon from a point-like particle to a
particle with finite size, there is a discontinuity in the vertex, shown in
figure 2.8. In the situation depicted in that figure, it is no longer clear
how the current runs, and, because the photon may also couple to the
current running inside the nucleon, this causes the problems related with
the breaking of gauge invariance.
To restore the gauge invariance, additional diagrams, called contact terms,
are added to the kernel. Different prescriptions for this procedure exist.
The details of the procedures and a comparison between the different for-
mulations can be found in reference [33].

2.3.9 Discussion of the K-matrix approach

To summarize, the success of the K-matrix approach relies for a large part
on the fact that so many symmetry relations are satisfied.
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Figure 2.8: Illustration of the breaking of gauge invariance caused by the intro-
duction of form factors. The form factor gives the nucleon a finite size, making
the path of the current in the diagram undefined. The dashed lines symbolize
different current paths. This effect causes the breaking of gauge invariance.

However, the missing diagrams such as those containing off-shell interme-
diate states, or those diagrams simply not generated by the kernel, which
contains only tree-level diagrams, need to be accounted for via the intro-
duction of form-factors and lead to the breaking of gauge invariance. Al-
though this can be restored via the addition of contact terms, different
prescriptions for this procedure exist.
The omission of diagrams containing an off-shell intermediate particle
also leads to violation of analyticity. Although this can be repaired using
the “dressed K-matrix” approach [32] this has not been implemented in
the present model. Furthermore, the model takes a large number of input
parameters as is shown in table 2.4, which might lead to multiple possi-
ble solutions. Here the coupled-channels approach is extremely helpful
since all incorporated channels can be fitted simultaneously, including the
effects they have on each other. In other words, because all experimental
data in all channels used in the model are reproduced by one and the same
model, the many parameters can be determined more accurately.






