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Abstract

The detailed investigation of the baryon structure is of fundamental im-
portance for the understanding of the features of the strong interaction in the
non-perturbative regime. First, a brief discussion of the theoretical and exper-
imental situation in baryon spectroscopy is given. Then, the radial structure
is discussed, related to the ground state form factors and the compressibility.
So far, experimental information on this important quantity is obtained only
for the nucleon: An experiment has been performed at Saturne in which a
compression of the nucleon is observed, exciting the Pu(1440 MeV) resonance
(Roper resonance) by «-particles. The analysis of the data indicates that this
excitation covers a large fraction of the available monopole strength in the
nucleon. The derived compressibility is compared with results from different
nucleon models. From the study of the Roper resonance in nuclei information
on the dynamical radius of the nucleon can be obtained. Experiments have
been performed on deuteron and l2C which show no shift of the Roper reso-
nance in these systems. This indicates no sizeable "swelling" or "shrinking"' of
the nucleon in the nuclear medium.

From the systematics of other hadronic systems it appears to be important
to investigate compression effects experimentally in other baryonic and mesonic
systems.

1. Introduction

The structure of baryons may be viewed as an intrinsic three quark structure with
strong gluon exchange contributions giving rise to a polarization of the sea quarks.
Since the baryon structure can be regarded as bound and low lying excited states
of quantum chromodynamics (QCD), it is of fundamental interest to investigate the
baryou properties in detail. The present situation of the theoretical description is
rather difficult. The non-abelian nature of the colour gauge group SU(3)C of QCD
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makes the calculation of self energies and bound state properties a difficult problem.
Therefore, in general the baryon structure is discussed in simplified models. The
oldest and quite successful model is the constituent quark model1 in which three
massive quarks are placed in a harmonic oscillator potential. Relativistic extentions
of this model are also discussed in the literature2. Other models are the bag model3

and the Skyrmion model4. The latter is well suited to describe the dynamical problem
of N* resonances, e.g. in 7r-nucleon scattering. Further, string models as well as an
algebraic approach3 have been applied as well. These models are based on rather
different formalisms and lead to quite different pictures of the structure of the nucleon.
For example, the constituent quark model treats the valence quarks only. Sea quark
effects which are important to satisfy chiral symmetry are neglected. Topological
soliton models consider the baryon as a bosonic field which corresponds to a treatment
of the meson cloud arising from the polarization of the sea quarks. In this model
the quark degree of freedom is eliminated. In hybrid models, like the chiral bag
model" and the chiral quark model', both valence and sea quark effects are taken
into account. The above mentioned models give quite different predictions for the
properties of baryon resonances which have to be tested in specific experiments using
both electromagnetic and hadronic probes. So far, in all these models no satisfactory
description of low and high energy properties of baryons have been reached. Certainly,
it is a challenge for future work to establish the connection of the different models to
QCD or to derive predictions directly from QCD.

The experimental situation may be summarized as follows: There are old data (mostly
from the 60tk'3) on electromagnetic form factors, structure quantities, resonances in
7T-N and K-N reactions, excitation of resonances by hadronic and electromagnetic
probes. For crucial tests of baryon models these data are not sufficient. There is a
new generation of data to come from new machines with electrons: Elsa, MAMI,
Nikhef, CEBAF, and with hadrons: SATURNE and COSY.

Because of the complexity of the baryon structure it is absolutely necessary for re-
liable tests of baryon models to have as much experimental information as possible.
Therefore, it is indispensable to perform complementary experiments with hadronic
and electromagnetic probes. It appears very attractive to use selective probes in
which the scalar, vector or tensor character of the interaction is enhanced.

2. Radial structure of baryons

One of the most basic properties of baryons is the radial structure. Its static properties
can be studied in elastic processes of hadrons and leptons. Dynamical properties of
the size degree of freedom can be studied in inelastic processes exciting compression
(or radial) modes. These are related to the compressibility K of the system which is
defined by

^ J , - (1)

£'(p)represents the equation of state of the system, which is given for a microscopic
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Figure I: Character of the compression mode. Upper part: radius, lower part: density
profile. Both the compression and the dilatation phase are shown in relation to the
ground state density pin).

system by a density dependent potential. K represents therefore the curvature of the
equation of state at the ground state minimum. The compressibility may be obtained
from the energy of the "normal" monopole mode of excitation which is an eigenstate
in this potential (density vibration). In this vibration the nucleon is compressed in a
first phase going along with a shrinking of its radius. Then in the dilatation phase one
or two pious are emitted and the nucleon decays back into the ground state shape.
Schematically this is shown in fig.I.

The energy of a possible radial mode (excitation of a P u resonance with large
monopole matrix element) is critically dependent on the basic parameters of the
different baryon models, e.g. it depends on the confining potential in the constituent
quark model2. Using a harmonic potential the lowest radial mode corresponds to a
quark excitation from the Is to the 2s shell with an energy of 2hu which is about



1 GeV. In bag models the radial mode depends on the bag size. Models have been
proposed8"10, in which the radial mode is generated by the oscillation of the bag sur-
face. In Skyrmion models11 the monopole mode represents the lowest N* resonance
with an excitation energy of about 400 MeV. The large difference in the prediction of
the radial mode in the simple constituent quark and the Skyrmion model is related
to the size of the nucleon and may reflect the fact that the features of the sea quark
or meson induced density are quite different from those of the valence quarks. In the
hybrid descriptions of the chiral bag and the chiral quark model the baryon density
may be split up into two contributions, one due to the valence quark wave function
(concentrated in the interiour) and the other due to quark-antiquark polarisation lo-
cated more at the baryon surface. In these models one may therefore expect two
compression modes, one due to compression of the surface and the other dominant in
the interior.

Experimentally it is important to find this mode of excitation in baryonic systems.
As it corresponds to an excitation without transfer of angular momentum, spin and
isospin, it is related to the excitation of P u resonances (for baryons with 1=1/2,
J= 1/2). There are three pieces of information on excited baryons, resonances observed
in 7T-N scattering (or K-N scattering), electro- and photo-production, and hadron-
production of baryon resonances.

7T-N scattering: From phase shift analyses of TT-N scattering detailed information
exists on baryon resonances and their quantum numbers. Pn amplitudes are given e.g.
in the phase shift analysis by Cutkoski and Wang12 in fig.2. In these amplitudes two
resonances are apparent, N*(1440 MeV), called the Roper resonances, and N*(1710
MeV). At the centroid energy of the first resonance the imaginary amplitude has a
maximum and the real amplitude goes through zero. The second resonance appears
as an interference structure with the high energy tail of the first resonance. It should
be noted that the Roper resonance shape is quite different from a Breit-Wigner form
with a rather steep low energy slope and a rather long fall off towards higher energies.

Electron production: The inclusive data which exist from experiments at SLAC
(see ref.13) indicate three resonance regions (see fig.3). The first resonance is entirely
due to A excitation, the second resonance region corresponds to N* excitation of the
D13 and Sn resonances centered at 1520 MeV. The third resonance region is centered
at 1680 MeV and is dominated by the F15 resonance. Under these resonances there
are large background contributions which can contain other resonances. However, no
evidence is found for the Roper resonance excitation.
In photo-reactions a radial excitation as discussed here is not possible.

Hadron production: In hadron excitation of resonances the situation is some-
what different. Proton-proton scattering at high energy is dominated by Pomeron.
exchange, preferring excitation of isoscalar excitations. Therefore the A resonance is
only weakly excited (19 GeV/c p-p scattering data11 from CERN are given in fig.3).
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Figure 2: Real and imaginary amplitudes of 7T-N phase shifts.

The second and third resonance region is seen quite similarly as in electron scattering.
In the p-p data an indication for excitation of the Roper resonance is seen, however,
an unambiguous analysis of this excitation is not possible.

It must be concluded that the study of the radial excitation in question appears to
be rather difficult, also in proton-nucleon scattering in the few GeV region, where
the excitation spectrum is dominated by spin-isospin modes. Further, because of
their particular structure, these modes are rather weakly excited in electromagnetic
interactions. With real photons P n resonances can be excited only by a magnetic
dipole operator which does not correspond to radial excitation. In virtual photon
excitation of the Pu resonance there is strong cancellation due to the fact, that the
N* radial wa.ve function is orthogonal to that of the ground state. Because of these



2Q0

130

7 100

50

(a) c - p scattering

Q2 = lGeV2/c2

(b) p - p scattering (19 GeV/c)

9|«* = 40 mr i \\jf\

\
' - .A

1.2 I .* 1.5

W (GeV)
i.a

Pinc [GeV/c]

Figure 3: Spectra of baryon resonance excitation from (a.) electron scattering (data
from SLAC) and from (b) p-p scattering (CERN data).

difficulties it is important to look for selective probes which may enhance the cross
sections for these particular excitations.

Selective hadronic reactions: There is the possibility to study the excitations of
interest by using selective hadronic reactions, e.g. rv-scattering. Due to the quantum
numbers of the a-particle only non-spin-flip and isoscalar transitions are possible.
This offers the rather unique opportunity to study selectively the scalar structure of
the nucleon. Further, for radial excitations operator sum rules exist15 which allow to
connect the different properties almost model independently. For deuteron projectiles
also spin-flip excitations are possible, thus allowing also the study of the spin structure
of the Roper resonance.

In the investigation of these hadronic reactions there are complications due to the fact
that both the target as well as the projectile may be excited during the scattering
process. For the a + p—ta'+X reaction this is demonstrated in fig.4 in which different
graphs for target and projectile excitation are shown. Whereas for a-p scattering the
target A excitation should be small, there are no selection rules which inhibit A ex-
citation of the projectile. By emission of a pion this excitation decays favorably back
into the a-particle ground state observed in the detector. For this process we expect
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Figure 4: Graphs for target and projectile excitation contributing to the inelastic
ex -\- p—ta'+X scattering.
1. Inelastic excitation of the target with a dominant T=0, S=0 transition in the
forward scattering amplitude.
2. Projectile excitation with subsequent decay back into the a ground state by IT-
emission. This is dominated by a T=l , S=l transition giving rise to A excitation.

large forward angle cross sections comparable to charge exchange reactions. If further
the ground state decay branch Bc> : cx^—^aa,s, + IT is sufficiently large (10-20%) then
this contribution of projectile excitation should be observed in the inclusive spectra.
Actually, in older studies16 of a-p scattering at SATURNE a bump was observed
above the 7r-threshold which was interpreted as coherent-pion production. This cor-
responds to the projectile excitation discussed here. This spectrum can be described
quantitatively within a meson exchange model1' using the impulse approximation
and a ground state branching Br, of 0.3. Dependent on the non-resonant contribution
this is in good agreement with the branching Bo discussed above. The appearance of
this cotitribution in the missing mass spectra close to the pion threshold is clue to the
Lorentz boost in the projectile excitation. For the interpretation of our data discussed
below it is important to know that the spectral shape of the projectile excitation is
quite independent of the A resonance parameters and the detailed assumptions on
the background contribution.

3. Experiment on the Roper resonance excitation

To investigate an excitation of the nucleon in the region of the Roper resonance
P[i(1440 MeV) rv-proton scattering was studied18 at SATURNE using a beam mo-
mentum of 7 GeVjc. Scattered o-particles were measured by the Spes 4 magnetic
spectrometer. A spectrum of the missing energy ft (ft=E;-E/) is given in fig.5 mea-
sured at a very small scattering angle of 0.8 degree. A strong rise of the yield at the
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Figure 5: Missing energy ft spectra of inelastic a-p scattering at Ea=4.2 GeV (upper
part). The solid line corresponds to the spectral shape for projectile excitation. In
the lower part the difference spectrum is shown.
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Figure 6: Differential cross sectious for excitation of the Roper resonance. The solid
line shows the calculated shape for monopole excitation.

7r-threshold and a pronounced structure above 500 MeV is observed. The contribution
due to projectile excitation is indicated by the solid line which produces quite well
the shape of the spectrum above the 7r-t fires hold. The excess yield at larger values
of Q may indicate excitation of the Roper resonance. In order to see the details of
this structure, the difference spectrum - in which the projectile excitation contribu-
tion is subtracted from the measured spectrum - is shown in the lower part of fig.5.
Differential cross sections of this excitation are given in fig.6 which show a very steep
angular distribution.

3.1 Comparison of the resonance form with TT-N scattering

It is important to study whether the resonance observed in the ct-spectra is indeed
the N*(1440 MeV) resonance as found in the 7T-N phase shift amplitudes. The flat
background in fig.5 at large values of fi was found to arise from multiple scattering in
the collimator of the spectrometer and may be approximated by an exponential form.
With these corrections subtracted resonance spectra are obtained as given in fig.7.
To compare this structure with the resonance seen in the 7T-N Pn phase shifts12'19

(the results of Hoehler'y are shown on the left side of fig.7, which are quite consistent
with the phase shifts of Cutkosky and Wong12), Monte Carlo simulations have been
performed using the Pn resonance shape from ref.19 and multiplying the spectra by
the elastic a-p form factor. The results of these simulations, given on the right side of
fig.7. show a good correspondence with the experimental spectra. This shows clearly,
that in our experiment the Roper resonance is excited.
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Figure 7: Left: P u resonance cross sections from the TT-N P U phase shifts deduced by
Hoehler. Right: Subtracted experimental spectra taking into account the collimator
background, and simulated Roper resonance excitation.



requires a radial form which is peaked at the surface; this supports an interpretation of
the Roper resonance excitation as a compressional mode of the nucleon surface. The
interiour is hardly affected, its compression should require a much higher excitation
energy. These conclusions appear to support the chiral bag and chiral quark model,
where the monopole excitation in question may be interpreted as a compression of
the mesonic cloud.

It is interesting to derive a value of the nucleon compressibility K;v from the exper-
imental data. From the sum rules1" a relation between the nucleon compressibility
A";V and the excitation energy has been derived:

A'iV = (miV/3/J2) Ej < r% > . (2)

This gives an experimental estimate of Ivy = 1.4±0.3 GeV. The errors are due to the
uncertainties in the extraction of the excitation energy, the monopole matrix element
as well as the energy of the remaining monopole strength.

Values of the compressibility can be derived from the different models. For the con-
stituent quark model a value of A'.v of 3 GeV is obtained using a harmonic oscillator
with hu — 500 MeV. More complicated versions of this model, as e.g. discussed in
ref.2 give a much lower compressibility. Estimates from the MIT bag are discussed
in ref.23 and give A',v in the order of 900-1200 MeV. The Skyrmion model gives A"/N
in the order of S00—1000 MeV. Thus, as expected from the above discussion, the
extracted value of K,v lies in between the values from different models.

Plans for new experiments: An exclusive experiment on the Roper resonance
excitation in cv-scattering is in preparation at SATURNE using the new SPES 4-7r
detector system24. In addition to the scattered a-particles detected in the SPES
4 magnetic spectrometer, the emission of charged particles from the decay of the
resonance will be detected in the target area using large solid angle detectors.

There is the interesting problem of a possible excitation of the Pu(1710 MeV) res-
onance. In the TT-N data in fig.2 this resonance is clearly seen and has a sig-
nificant branching to the nucleon ground state12. An experiment is proposed for
COSY to study the selective excitation of this resonance together with the associated
strangeness production K-A. Other interesting possibilities are the investigation of
scalar polarizability effects in the nucleon exciting negative parity baryon resonances.

3.3 Nuclear medium effects on the nucleon radius (swelling or shrinking)

The dynamical radius of a nucleon in a nucleus is directly related to the radial mode in
the nucleon and can be investigated by measuring the Roper resonance excitation in
nuclear systems. Experiments similar to that discussed above have been performed
at SATURNE on targets of Deuteron and Carbon. The resulting spectra indicate
that the P u resonance is observed in these systems with an increased width. This
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Table 1: Sum rule estimates for different hadronir systems: mean square radius
< r2 > (taken from ref.22, except for the values in brackets), proposed mass rncomp

of the compression mode and the derived compressibility K.

System

N
A
V
—/

IT

P

$
K

J/tf

< r2 >
Urn1]
0.67
0.58
0.58

(0.86)

0.42
0.52

(0.33)
0.52
0.21

(0.20)
0.35
0.04

[MeV]
1440
1600
1660
1600

1300
1260
1390
1270
1680
1460
1240
3685

K
[GeV]

1.3
1.3
1.3
1.3

1.0
(1.2)
(1.2)

1.2
(1.2)

0.6

can be understood by the effect of Fermi-motion in the nuclear systems. However,
no indication is found for a shift in the excitation energy; this would be related to
radius changes. Thus, possible effects of "swelling" or "shrinking" of a nucleon in the
nucleus must be very small.

4. Compressibility of other hadrons

For a detailed study of the structure of hadrons it is of great interest to investigate
also the compressibility of these systems. Monopole operator sum rules have been
discussed for different cases15, the systematics of possible compression modes are
given in table 1. These results show that the compressibility may be quite similar for
different baryonic systems. Also for mesons the derived compressibility is not much
different, indicating that the free energy of baryons is about three times larger than
that of mesons.

Experimentally, it is very challenging to study these effects in different baryonic and
mesonic systems. Such experiments may be performed with secondary beams at the
new CERN hyperon beam facility, at Brookhaven AGS or Fermilab.

6. Summary

New aspects of the spectroscopy of hadrons have been discussed which are related to
their scalar structure. The Pu(1440 MeV) resonance appears to be a very important
nucleon resonance; our results suggest that it may be identified with the "breathing"
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mode of the nucleon. This is supported by the partial wave analysis of the TTN—y
7T7TN reaction25 which has a large branching into the e.N channel. The a-N reaction
discussed above appears to provide very useful information, therefore it is of large
interest to study this reaction in exclusive experiments at SATURNE and COSY.

It is also important to complement the results obtained from hadron scattering with
information from electromagnetic probes. Studies of the magnetic structure of the
Roper resonance are going on at MAMI using real photons. The longitudinal struc-
ture of this resonance can be studied only in electron scattering. Exclusive electro-
production experiments are envisaged at CEBAF using the large solid angle CLAS
detector.

A detailed theoretical understanding of the compression effects, discussed here in
simplified non-relativistic concepts, is needed. This is intimately connected to the
problem of the scalar part of the strong interaction which is not well understood.
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