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Introdution.

The strong interation is believed to be ompletely desribed by the the-

ory of quantum hromodynamis (QCD). This theory is written in terms of

oloured quarks and gluons, yet, due to the property of on�nement, diret

observations an only ever be made of olourless bound states. It is the

properties of suh states that we would like to understand and predit. Un-

fortunately, at low energies the oupling strength between the quarks and

gluons beomes large, so that ordinary perturbation theory breaks down.

In pratie, this means that we are unable to alulate hadroni properties

diretly from QCD.

Instead, we must turn to a variety of approahes, whih are simple enough

to handle and whih mimi many of the features of QCD. In this way, we

might hope to gain some appreiation of how these features inuene observed

hadron properties.

I have been exploring one suh model, whih is based on a non{loal four{

quark interation. The harater of the interation is onstrained through

hiral symmetry, whih is an approximate symmetry of QCD, being broken

only by the small urrent masses of the up and down quarks. The form of

the non{loality is hosen to simplify the alulations, but may be motivated

through a piture of the QCD vauum.

The partiles of interest are the lowest lying J

�

= 0

+

; 1

�

states, namely

�; �; ! and a

1

. We an use the model to alulate the masses of these mesons

and interations between them, suh as their deay widths and eletromag-

neti properties.
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Construting The Mesons.

The theory is attaked through the formalism of the Dyson{Shwinger (DSE)

and Bethe{Salpeter (BSE) integral equations. They are treated in the so{

alled ladder approximation, whih orresponds to taking the �rst term of

an expansion in 1=N



, where N



is the number of olours.

The DSE tells us how a quark interats with the many{body vauum

state, whih is a ondensate of qq pairs. Movement of a single quark within

suh a ground state is represented by the generation of an e�etive mass. The

mass is � 300 to 400 MeV at zero momentum, whih makes ontat with the

simple non{relativisti quark model, long used to estimate mass splittings

and magneti moments of the hadrons. For large spaelike momenta, the

onstituent mass vanishes, in agreement with the suessful appliation of

perturbation theory in QCD in this regime. That the e�etive mass varies

with momentum is a diret onsequene of the non{loal nature of our inter-

ation.

The momentum variation of the quark mass is an essential part of our

method for on�ning the quarks. If the mass were a onstant, M , then

it would be possible to reate an unbound qq pair at an energy of 2M .

Therefore, it would be impossible to desribe mesons whih have a mass

of more than 2M . But, in our model there is no value of p

2

for whih

p

2

= M

2

(p

2

), so free quarks annot our.

We must next onstrut bound states from the quarks. To do so, we

represent the mesons as a hain of quark loops (see �g. 1) in the BSE, whih

is the relativisti analogue to the Shrodinger equation, for a two{body state.

Solution of the BSE gives the meson masses.

Fig. 1. Mesons desribed as a hain of onstituent quark bubbles.
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Meson Properties.

We are now in a position to alulate properties of the mesons. For example,

we an look at their deay modes. Matrix elements for 1 ! 2 deays are

obtained by evaluating diagrams like that shown below. The blobs V we get

from the BSE solutions. They desribe the oupling of eah meson involved

to the quarks in the loop.

V

V

a

V

b

Fig. 2. 1! 2 amplitudes. There is also a similar diagram where a$ b.

We an also alulate the meson ouplings to external vetor and axial

urrents. This gives us information about weak and eletromagneti deays.

We hit upon a ompliation here beause in the presene of non{loal in-

terations, the usual loal urrent is not onserved. So, we need to inlude

appropriate non{loal ontributions to the urrents in order to satisfy the

onservation equations. These non{loal piees involve four{quarks and lead

to extra diagrams of the type shown on the right in the �gure below.

V V

Fig. 3. Coupling to external urrents.
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Results.

In the following table, numerial results for various physial quantities are

listed. One model parameter has been left free and the errors quoted on the

model results indiate the range of values obtained when this parameter is

allowed to vary.

Meson masses.

Partile Model Experiment

� Fit 140MeV/

2

� Fit 770MeV/

2

a

1

1007� 55MeV/

2

1230� 40MeV/

2

! Fit 783MeV/

2

Deay widths.

Deay Model Experiment

�! �� 112� 9MeV 151� 1MeV

a

1

! �� 104� 84MeV � 400MeV

� ! ��

�

Fit 25:3meV

� ! ��

�

0:297� 0:037meV � 2:23� 0:02meV

� ! a

1

�

�

0:216� 0:123meV � 0:187� 0:07meV

�! e

+

e

�

3:33� 0:82keV 6:77� 0:32keV

! ! e

+

e

�

0:38� 0:05keV 0:60� 0:02keV

�

0

!  8:62� 0:06eV 7:74� 0:55eV

D/S wave in a

1

! ��.

{ Model Experiment

Ratio �0:068� 0:020 �0:11� 0:02

Vauum ondensate.

{ Model Experiment

3

q

�hqqi 198� 9MeV 230� 20MeV

RMS pion radius.

{ Model Experiment

q

hr

2

�

i 0:587� 0:004fm 0:663� 0:006fm

Sine the approximation used is equivalent to working at leading order

in a 1=N



expansion, we might expet � 30% auray in masses and am-

plitudes. Thus, the results are not expeted to be in perfet agreement with

experiment. Nevertheless, they should be qualitatively reasonable if we are
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to have any on�dene in the model. This is generally the ase. An obvious

exeption is the deay width for a

1

! ��, the reason being that it su�ers

from too small a phase spae : m

�

+ m

�

= 910MeV is quite lose to the

model a

1

mass.

Eletromagneti interations.

As disussed earlier, we need an eletromagneti urrent with loal and non{

loal piees to satisfy urrent onservation. The full qq vertex, �, onsists

of the bare vertex, non{loal parts and vetor{dominane parts, where the

photon ouples via a � or ! partile. Putting together these ontributions,

we alulate some eletromagneti proesses. For example, we have looked at

the pion form fator. This is of interest beause it is sensitive to the internal

struture of the pion. It therefore provides a useful test of our approah,

whih treats mesons as extended objets, unlike many models where the

mesons are desribed by point{like �elds. The relevant diagrams are shown

below.

V

�

V

�

�

V

�

V

�

Fig. 4. Spaelike pion form fator. There is also another triangular diagram,

with the fermion arrows in the opposite sense.

The numerial results are displayed in the graph and ompare favourably

with the experimental data points

1

. I have shown the modulus of the form

fator against the q

2

of the urrent, in GeV

2

. There is a gap from zero to

4m

2

�

sine that region is kinematially inaessible. An imaginary part of the

rho meson propagator may be generated through pion loops. These are not

1

The data has been extrated from Amendolia et al. Nul. Phys. B227 (1986),168 and

Bebek et al. Phys. Rev. D13 (1975),25.
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inluded in our alulations, being N



suppressed. Hene, the peak in the

data at the rho mass shows up as a pole in the plot.

The pion form fator yields information about the internal struture of

�

�

, but, by C parity invariane, the form fator for �

0

is identially zero.

In order to probe the struture of this partile, we must onsider transition

form fators, suh as the amplitude for 

?

(q)�

0

! , as a funtion of the

momentum of the exited photon. A losely related proess is �

0

! , the

rate for whih is given by a low{energy theorem (the Adler anomaly). Our

model should reprodue the theorem, whih provides a useful hek on our

alulations. We hek this by evaluating the following diagrams.

V

�

�

a

�

b

V

�

�

b

Fig. 5. �

0

! . There are similar diagrams to the above, where a$ b.

The results for 

?

(q)�

0

!  are shown in the graph, with q

2

in GeV

2

and the form fator normalized to unity at q

2

= 0. They ompare fairly

well to a monopole �t of the data measured by the CELLO ollaboration

2

.

Unfortunately, there is very little data available at present, whih makes

it impossible to distinguish between ompeting desriptions of the proess.

It is hoped the situation will improve in the future, with the possibility of

high{preision data from CEBAF experiments.

2

As given in Z. Phys. C49 (1991),401.
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