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Abstract. The goal of this project was a systematic calculation, consistent with the mass spectrum, of elec-

troweak properties of baryons, as well as of the hadronic two-body decays of baryon resonances. The basis

of the calculations was a relativistically covariant quark model for mesons and baryons, which allows for the

calculation of (momentum dependent) hadronic form factors and coupling vertices in the relevant photon and

hadron induced reactions and simultaneously describes the hadronic mass spectrum up to 3 GeV.

1 Introduction

We developed a constituent quark model for baryons

and mesons within a field-theoretical framework starting

from the homogeneous Bethe-Salpeter for bound hadronic

states. This model thus fully respects Poincaré covariance,

mandatory to describe deeply bound states and/or scatter-

ing processes at larger momentum transfer.

Before the start of the first funding period of the

SFB/TR16 this model, which describes the quark dynam-

ics through an instantaneous confinement potential with a

suitable Dirac structure, rising linearly with interquark dis-

tances and a spin-flavour dependent interaction motivated

by instanton effects to describe the major spin-dependent

mass splittings, had been applied to a calculation of the

spectrum of light flavoured mesons and baryons up to

masses of about 3 GeV, see e.g. [1–3] as well as some

selected electroweak observables such as electromagnetic

form factors, charge radii and magnetic moments, see

e.g. [4, 5].

2 Earlier achievements

During the first funding period the following issues have

been investigated, also see [6]:

Electromagnetic properties:

The calculation of some momentum transfer dependent

helicity amplitudes as they occur in electro- or photo-

induced reactions on the basis of the Salpeter ampli-

tudes determined by the mass spectrum is (in lowest or-

der in the Mandelstam formalism) parameter free. These

have been calculated systematically both for non-strange

baryons [7] and for hyperons, see [8]. For non-strange

photo-excitation it was found, that sizeable transition am-

plitudes are to be expected only for the lowest states of

each total spin. Higher excited states can therefore not

�e-mail: metsch@hiskp.uni-bonn.de

be directly reached in photo-production experiments. To

exemplify the quality of the prediction a comparison of

calculated and experimental helicity amplitudes at a finite

momentum transfer of Q2 = 0.65 GeV2 is shown in Ta-

ble 1 .

Table 1. Calculated helicity amplitudes (in units of

10−3 GeV− 1
2 ) of proton resonances at Q2 = 0.65 GeV2

compared to data from a combined analysis of single- and

double-pion electroproduction.

Calc. Aznauryan et al.[9]

B∗ A
1/2
p A

3/2
p S

1/2
p A

1/2
p A

3/2
p S

1/2
p

P11(1440) 62 17 21 ± 4 33 ± 6

D13(1520) −55 19 −20 −65 ± 4 62 ± 5 −35 ± 4

S 31(1620) 2 −14 16 ± 4 −28 ± 3

S 11(1650) 1 −3 43 ± 7 −6 ± 3

F15(1680) −51 25 −28 −32 ± 5 51 ± 4 −15 ± 3

D33(1700) 49 41 −15 44 ± 4 36 ± 4 −7 ± 4

D13(1700) −19 −7 −6 −21 ± 2 10 ± 1 0

P13(1720) 66 −16 −10 55 ± 3 −68 ± 4 0

Although helicity amplitudes calculated for hyperons

are not directly accessible in experiments, they play a key

role in some contributions to strangeness photo- and elec-

troproduction. As for the non-strange baryons it was found

that many amplitudes are larger in magnitude at a finite

momentum transfer than at the photon point. It was con-

cluded in [8] that interesting isospin dependencies occur

when comparing the decay of hyperons in Λ- with those

in Σ-resonances. Furthermore the calculated photonic de-

cay width for Λ(1405) → Λ(1116) + γ exceeds the exper-

imental value by at least an order of magnitude and thus

lends further support to the conclusion that Λ(1405) can

not merely be described as a dominant three-quark excited

state. In contrast the electromagnetic decay of the lowest

negative parity Σ(1620) resonance can be well accounted

for by the present quark model calculation.
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In a field theoretical context static electromagnetic ob-

servables, such as electric charge radii and magnetic mo-

ments are usually extracted from elastic form factors, i.e.

by extrapolation to vanishing momentum transfer of ma-

trix elements of appropriate current operators, a procedure

which partially suffers from numerical inaccuracies. In

a novel approach [10, 11] developed in the first funding

period this circuitous route was circumvented and such

observables can, very similar to the procedure in non-

relativistic quantum mechanics, be computed directly (and

numerically more accurately) as expectation values of op-

erators with respect to the Salpeter amplitudes obtained

from the calculation of the mass spectrum in the baryon

rest frame. The expressions, derived essentially from lin-

ear response, are readily interpreted physically, possess an

obvious non-relativistic limit and allow for a discrimina-

tion of e.g. the spin- and orbital angular momentum con-

tribution to the magnetic moments. Some results are com-

pared to experimental data in Table 2, where also the re-

Table 2. Comparison of calculated (BS) and experimental magnetic

moments (in units of μN ) of some selected baryon resonances.

Experimental data from [12] and [a] [13], [b] [14], [c] [15]. The column

labeled PFSA contains the results obtained in [16].

B BS Exp. PFSA

p 2.77 2.793 2.70

n −1.71 −1.913 −1.70

Λ −0.61 −0.613 ± 0.004 −0.65

Σ+ 2.51 2.458 ± 0.01 2.35

Σ0 0.75 − 0.72

Σ− −1.02 −1.16 ± 0.025 −0.92

Ξ0 −1.33 −1.25 ± 0.014 −1.24

Ξ− −0.56 −0.6507 ± 0.0025 −0.68

Δ++ 4.14 3.7 − 7.5 4.17

Δ+ 2.07 2.7+1.0
−1.3

± 1.5 ± 3
[a]

2.08

Δ0 0 − 0

Δ− −2.07 − −2.08

Σ∗+ 2.51 − 2.07

Σ∗0 0.27 − 0.09

Σ∗− −1.97 − −1.89

Ξ∗0 0.59 − 0.18

Ξ∗− −1.83 − −1.73

Ω− −1.66 2.02 ± 0.05[b,c] −1.59

P11(1440)+ 1.55 − −

D13(1520)+ 1.44 − −

S11(1535)+ 0.37 − −

S11(1650)+ 1.85 − −

sults obtained by the Graz group [16], which use Dirac’s

point form formulation of relativistic quantum mechanics

to calculate the relevant current matrix elements. Although

at first face this is a completely different method the results

are strikingly similar; in both methods the importance of

relativistic covariance is paramount. The new method also

allows for a prediction of magnetic moments, see also Ta-

ble 2, of excited baryons, a research topic of some interest

within the SFB/TR16, also see project B.4.

Baryonic semi-leptonic decays:

As an additional (again parameter free) application and

therefore genuine test of our relativistic quark model, we

calculated weak decays of the ground state decuplet and

octet states with light flavours and also the semi-leptonic

decay of e.g. Λc, see also below. The computed observ-

ables [17, 18] include helicity amplitudes, axial-vector to

vector coupling ratios, weak-magnetism ratios, differen-

tial and total decay rates of electronic and muonic semi-

leptonic baryon decays. We have compared our theoretical

predictions with all available experimental data and in gen-

eral found a good agreement. We have given many predic-

tions, as an example see Fig. 1, of observables for which
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Figure 1. Calculated differential decay width for the semi-

leptonic decay Λ+c → Λ0�+ν̄�, for � = e (solid line) and � = μ

(dotted line).

currently no experimental results exist. There clearly ex-

ists an experimental deficit regarding differential decay

rates of semi-leptonic baryon decays. An experimental

verification of the predicted axial-vector to vector coupling

ratio gA/gV = −0.95 for the decay Λ+c → Λ0 e+ ν̄e would

be very important in this respect.

Strong decays:

Like the electroweak amplitudes discussed above, strong

two-body decays of baryon resonances can in lowest or-

der in the context of the Mandelstam formalism be calcu-

lated parameter free. Because of the neglect of important

hadronic final state interactions in this approximation, a

quantitatively accurate reproduction of experimental de-

cay widths is hardly to be expected, and, in fact, the cal-

culated values are in general too small. Nevertheless, in a

systematic theoretical study of roughly 1700 strong two-

body decays of light-flavoured baryon excitations into a

pseudoscalar octet meson and a (possibly excited) baryon

final state [18], as performed during the first funding pe-

riod, it was found that the theoretically investigated strong

decays can be classified into three categories: those (about

15-20%) for which the calculated partial decay width is

relatively large and numerically a substantial fraction of
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Figure 2. The calculated nucleon resonance spectrum (left in each column) compared to the experimental masses (right in each column)

from [12]. Dotted lines indicate that the calculated πN-decay width of the resonance vanishes, a solid line indicates those states for

which the calculated width is finite and for most states at least in qualitative agreement with the experimental value.

the experimental value, those for which the calculated

width is small but clearly non-zero and finally those with

(virtually) vanishing decay width. The resonances with

decays belonging to the first and second categories are in-

deed those which have been observed experimentally in π-

or K-nucleon scattering, see e.g. Fig. 2, explaining why

the majority of the excited states could not be detected in

such reactions. The results can be summarised as follows:

• The present calculation does offer a solution to the prob-

lem of the missing resonances: They simply do not cou-

ple to Nπ or NK̄.

• Most of the observed resonances indeed have a non-

vanishing theoretical coupling to Nπ or NK̄.

• The results allow for unique assignments between the-

oretical and experimental states. These assignments are

not possible based on the mass spectra alone.

• For N- and Λ-resonances Nπ and NK̄ are the prefered

decay channels. For each set of resonances about 60%

of the couplings vanish and about 25% calculated decay

widths are larger than 5 MeV.

• Most Δ- and Σ-resonances do not decay into Nπ- or NK̄ ,

respectively. For each set of resonances about 80% of

the couplings vanish and about 5% of the decay widths

are larger than 5 MeV. For these decuplet state some

decays are theoretically prefered: Δ→ Δη, Σ→ Σπ and

Σ→ ΔK̄.

• Clear selection rules with respect to an intrinsic spin-

flip ( 3
2
→ 1

2
) were observed: Such a spin-flip transition

is prefered when Λ is a final state, is not relevant when a

Δ is involved somewhere and is avoided in all the other

cases.

• In general even the non-vanishing decay widths tend to

be too small compared to experiment. Note however that

the decay widths for the missing resonances are very

often smaller by even several orders of magnitude.

• There is always a resonance observed in experiment, if

the theoretical coupling is non-vanishing to Nπ or NK̄,

respectively.

• In total about 60% of the couplings to ground states and

90% of those to excited states vanish, but there are many

allowed quasi-two-body decays for almost every N- or

Δ-resonance, including the missing resonances, indicat-

ing the possibility to detect these states in quasi-two-

body decay cascades.

The calculations could be extended to even more miss-

ing states and to strong two-body decays involving vec-

tor mesons. Instantons also lead to an effective three-

body potential, which, because of its colour dependence

is spectroscopically irrelevant but in principle leads to a

highly selective three-body contribution to strong decays

involving (pseudo)scalar mesons, in particular η and η′. It

indeed proved to have a strong impact on the numerical
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results for particular strong two-body decays of mesons.

Unfortunately, the numerical implementation of ’t Hooft’s

three-body interaction for baryonic decays turned out to

be numerically much more involved than it is for mesonic

decays where the amplitude essentially factorises. This

subject was therefore not further pursued.

In view of the results discussed so far we concluded

that this relativistic constituent quark model accounts for

the majority of the salient features in the baryon spectrum,

such as linear Regge trajectories, the major spin depen-

dent mass splittings, in particular the occurrence of spin-

parity doublets and offers a parameter-free quantitative de-

scription of many electroweak observables, such as static

moments, helicity amplitudes and semi-leptonic decay ob-

servables. Furthermore, as discussed above, the lowest or-

der calculation of strong meson-baryon decay amplitudes,

at least qualitatively explains why many excited baryon

states have not been observed in meson-baryon scattering

experiments so far.

3 Deficiences and improvements

Although this in our opinion validated the calculations per-

formed so far, some unresolved issues remained:

1. The quantitative description of strong two-body de-

cay amplitudes is clearly deficient, probably mainly

because final state interactions and thus coupled

channel effects are completely ignored. An attempt

to improve upon this turned out to be extremely dif-

ficult. In the instantaneous approximation it is pos-

sible to determine the strong two-body decay am-

plitudes merely on the mass shell. Even with an ad-

equate parametrisation of non-resonant amplitudes

as an ingredient in a simplified coupled channel cal-

culation (essentially in a K-matrix approach) the re-

sulting decay widths hardly changed[19] .

2. In the mass spectrum of negative parity Δ-

resonances there was significant experimental evi-

dence for the existence of three resonances in the

mass range 1900 − 1940 MeV, of which the con-

spicuous low position could not be accounted for

by the calculation as described above, see Fig. 3 .

Moreover, also the calculated position of the first

excited positive parity Δ resonances was much too

high. An improvement of the description was ob-

tained in the manner described in [22].

3.1 Effects of an additional spin and flavour

dependent interaction

Among the various possibilities we persued the simple

Ansatz to phenomenologically introduce an additional spin

and flavour dependent interaction, more or less inspired

by the results obtained by the Graz-Group with a version

of a so-called Goldstone-boson-exhange interaction, see

e.g. [21] . Here, we decided to parameterise the new spin-

flavour-dependent interaction purely phenomenologically

Figure 3. Discrepancies between experimental (right part of

each column, from [20]) and calculated (left part of each col-

umn, as in [2]) positions of the lowest Δ-resonances. Shaded

boxes indicate the uncertainty in the resonance position.

as a local potential in configuration space, its simple form

given by

V
(
�x
)
=

8∑
a=1

g2
a

[
λa γ5 ⊗ λ

a γ5

]
vλa

(
|�x|

)
,

where the Gell-Mann matrices λa determine the flavour- ,

(γ5 · γ5) determines the spin- and the simple gaussian

vλ(r) :=
1

λ3 π
3
2

exp

(
−

r2

λ2

)

determines the interquark-distance- dependence.

After an adjustment of the parameters, for the val-

ues, see [22] (and for a slightly modified set of parame-

ter values, see [23]) indeed an improved description of the

Δ mass spectrum was found:, see e.g. Fig. 4, Remark-

ably enough, in this manner, not only it was possible to

account for negative-parity Δ-resonances slightly below

2 GeV, but also a much more accurate description of the

Δ( 3
2

+
; 1660) and the postive-parity Δ( 1

2

+
)-resonances was

obtained. Furthermore, with this additional spin-flavour

dependent interaction the position of the Roper-resonance

below the first negative parity nucleon resonances is now

accurately accounted for, see Fig. 5 . In addition the mass-

splittings of these negative-parity resonances are now bet-

ter reproduced. For similar improvements in the spectra of

strange baryons we refer to [22] .

3.2 Impact on electromagnetic observables

The phenomenological introduction of the additional spin-

flavour depependent interaction kernel increased the num-

ber of parameters of seven in the original model (ModelA,
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Figure 4. Comparison of the Δ-spectrum calculated with the additional phenomenological spin-flavour dependent interaction (right

side of each column), see [22], with experimental data from the Particle Data Group [20] (central in each column) and with the results

from the model as discussed in [2] (left side in each column). Shaded boxes indicate the uncertainty in the resonance position.

see [2, 3]) to ten in the new version (Model C, see [23]),

which we considered to be still acceptable in view of the

multitude of baryon masses described accurately in this

manner. As before, after fixing the parameters by a fit to

the mass spectra, the calculation of electromagnetic prop-

erties in lowest order is a genuine prediction. In Fig. 6 we

display the electric form factor of the proton, divided by

the dipole-shape

GD(Q2) =
1

(1 + Q2/M2
V

)2
, (1)

with M2
V
= 0.71 GeV2 (see [24, 27]) is shown for two

versions of parameters (see Table 1 in [23]) in comparison

to experimental data.

It is found that with the new model describes the data

much better than the original model, see [5]. This ap-

plies also to the electric neutron from factor, see Fig. 7;

this small quantity is very sensitive to parameter changes

and the deviation between both curves could be interpreted

as an estimate of the uncertainty in the model prediction.

It demonstrates, however, that it is indeed possible to ac-

count for the momentum transfer dependence and the posi-

tion of the maximum rather accurately. Also for the mag-

netic form factors displayed in Fig. 8 and 9 improvements

are observed: this concerns in particular the description

of the magnetic proton form factor at higher momentum

transfers Q2
� 1 GeV2 . The momentum transfer depen-
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Figure 6. The electric form factor of the proton divided by the

dipole form GD(Q2), Eq. (1). MMD-Data are taken from Mergell

et al. [24], supplemented by data from Christy et al. [25] and

Qattan et al. [26] . The solid line represents the results with the

model parameters listed in [23] while the dashed line those listed

in [22]. Red data points are taken from polarisation experiments

and black points are obtained by Rosenbluth separation.

dence (up to Q2 ≈ 6 GeV2) of a multitude of transverse

and longitudinal helicity amplitudes has been presented

and discussed in [23], both in the original model and in
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Figure 5. Comparison of the N-spectrum calculated with the additional phenomenological spin-flavour dependent interaction (right

side of each column), see [22], with experimental data from the Particle Data Group [20] (central in each column) and with the results

from the model as discussed in [2] (left side in each column). Shaded boxes indicate the uncertainty in the resonance position.
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Figure 7. The electric form factor of the neutron. MMD-Data are

taken from the compilation of Mergell et al. [24]. The solid line

represents the results with the model parameters listed in [23]

while the dashed line those listed in [22]. Red data points are

taken from polarisation experiments and black points are ob-

tained by Rosenbluth separation.

the model with the additional spin-flavour dependent in-

teraction. Here also results on photocouplings for a few

dozen N → N∗- and N → Δ∗- transitions can be found.
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Figure 8. The magnetic form factor of the proton divided by

the dipole form GD(Q2), Eq. (1) and the magnetic moment of the

proton μp = 2.793 μN . MMD-Data are taken from the compila-

tion of Mergell et al. [24]. Additionally, polarisation experiments

are marked in red. The black marked data points are obtained by

Rosenbluth separation.

3.3 Summary

The same calculational framework as presented by Merten

et al. [5] was used for the computation of current-matrix

elements on the basis of Salpeter-amplitudes obtained in
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Figure 9. The magnetic form factor of the neutron divided by the

dipole form GD(Q2), Eq. (1) and the experimental value of the

magnetic moment of the neutron μn = −1.913 μN . Note that the

calcultated value of the neutron magnetic moment is in fact too

small, see also Table 2 , where it was calulated with an alternative

method. MMD-Data are taken from the compilation by Mergell

et al. [24] and from more recent results from MAMI [41, 43] .

Additionally, polarisation experiments are marked by red data

points. The black marked points are obtained by Rosenbluth sep-

aration.

a calculation of the baryon mass spectra, see [22], where,

in addition to confinement and a spin-flavour dependent

interaction motivated by instanton effects as used in an

older model version [2, 3], an additional phenomenolog-

ical short ranged spin-flavour dependent interaction was

introduced in order to improve in particular upon the de-

scription of some excited negative parity Δ resonances at

≈ 1.9 GeV. In some significant details a superior descrip-

tion of the mass spectrum of all baryon resonances at the

expense of only three extra phenomenological parameters

was thus obtained. It was found that the description of

ground state electromagnetic form factors was also signif-

icantly improved. A systematic investigation of electro-

magnetic transition form factors in the form of momen-

tum transfer dependent transverse and longitudinal helic-

ity amplitudes revealed that both in the original and in the

novel model the transverse A
1
2 -helicity amplitudes are sig-

nificantly better described than the A
3
2 -amplitudes.

Stimulating discussions with E. Klempt, A.V. Sarantsev and

U. Thoma within the framework of the DFG supported Collab-

orative Research Centre SFB/TR16 as well as contributions by

Christian Haupt, Sascha Migura, Michael Ronniger and Daniela

Tolentino-Zang are gratefully acknowledged.
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