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1. Introduction

A successful theoretical approach to meson-baryon dyrsamiprovided by chiral unitary
methods, see.g.[1-5]. In this framework the chiral effective Lagrangiaruidlized to derive, for
example, the interaction kernel in a Bethe-Salpeter egugBSE) which iterates meson-baryon
rescattering to infinite order. The BSE generates resosadygeamically, hence, without their
explicit inclusion the importance of resonances can beietludChiral unitary approaches have
been implemented quite successfully for photoproductimtgsses, seeg.refs. [6-11], but as a
simplification only those diagrams were taken into accoumne the photon is absorbed first and
then the produced meson-baryon pair undergoes final stat@dtion. This simplified treatment
violates, in general, gauge invariance.

The main goal of the present contribution is the construatiba minimal approach to meson pho-
toproduction based on the chiral effective Lagrangian tvisexactly unitary and gauge invariant.
The presented method fulfills these important requireméots field theory, while at the same
time any subset of diagrams cannot be omitted as this wouoldtei unitarity or gauge invariance.
In this first study, we restrict ourselves to the chiral effecLagrangian at leading order.

This article is organized as follows. In the next sectiom ¢ffective Lagrangian and the Bethe-
Salpeter formalism are introduced. The gauge invariar@nsion to photo- and electroproduction
processes is discussed in sect. 3. Section 4 contains thEacison with experimental data on kaon
photoproduction. We summarize our findings in sec. 5, wherevill also give a brief outlook on
forthcoming work on this subject.

2. Bethe-Salpeter equation

The chiral effective Lagrangian incorporates symmetried symmetry-breaking patterns of
QCD in a model-independent way, in particular chiral synmnand its explicit breaking through
the finite quark masses. By expanding Green functions in poafeGoldstone boson masses and
small momenta a chiral counting scheme can be establishadev¢r, the strict perturbative chiral
expansion is only applicable at low energies, and it cdstdails in the vicinity of resonances.
In this respect, the combination of the chiral effective taagian with non-perturbative schemes
based on coupled channels and the Bethe-Salpeter equBi&i) have proven useful both in
the purely mesonic and in the meson-baryon sector [1-5]h @pproaches extend the range of
applicability of the chiral effective Lagrangian by implenting exact two-body unitarity in a non-
perturbative fashion and generating resonances dyndynical
Here we restrict ourselves to the meson-baryon Lagrangiading order,

— D
2

28 = (BID.B] - o)) 2 (B (. B)) — - (By*elu B, 21)

where the matrixB collects the ground state baryon octet. All the definitiongpkoyed here are
rather standard and can be found in [12]. In our numericakyae use the coupling constants
D =0.8,F =0.46 [13] in the leading order meson-baryon Lagrangian. Theomelecay constants
occuring inuy will undergo a special treatment mentioned below.

By expanding the chiral connection in powers of the mesoddjebne derives from the effective
Lagrangian the leading ordqy?B_Bvertex (the so-called ‘Weinberg-Tomozawa’' (WT) term), @i
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Figure1: Graphical illustration of the BSE for meson-baryon scattprThe filled circle represents the full
scattering matrix and the open square the driving mesoyebasertex.

we use as the driving term in our Bethe-Salpeter equatiatefotes the ground state octet of meson
fields). One finds for the corresponding potentalwhich is the WT-vertex graph multiplied by

Vbj’ai(gz’gl) = gbj.ai(gl""gz)‘ (2:2)

Here,q; andq, are the four-momenta of the incoming and the outgoing messpectively, and
the coupling constants are summarized as a matrix in chapaek, with the entries
1

bjai _ _
g 4FF

APTTATT, AT, A%) (2.3)
whereA? are the generators of tf&J(3) Lie-Algebra in the physical (particle) basis. In this rep-
resentation, a double inddyq specifies a particular channel consisting of a barlyamd a meson
j. In the above expressionai, specifies the channel of the incoming particles, whijdabels the
outgoing meson-baryon state. Note that we use differentegalor the meson decay constaRts
(where agairi labels the meson in the corresponding channel), instedabafieson decay constant
in the chiral limit. In practice, these three constaftsF, F, will be used as fit parameters, which
are allowed to vary in a reasonable range, to be specifiectirs&\Ve refer to the latter section for
a discussion of this issue.

The baryon and the meson propagai®andiA, are summarized as (diagonal) matrices in channel
space. We can now write down the integral equation for theoméaryon scattering amplitude
TPialin a rather compact form (suppressing the channel indicgsemembering the matrix char-
acter of the various amplitudes):

. d
T(d,,4,:P) =V(a,,9) +/ %V(%,Y)is(p— NAMT . 9,:p)- (2.4)

Here,p= p1 + g1 = p2 + g2 is the overall momentum, wheg and p, are the four momenta of
the incoming and outgoing baryon, respectively. The BSHustrated in fig. 1. Note that we use
dimensional regularization throughout. The solution af BSE is written out in detail in [12].
Even more details on the properties of the BSE and its solutam be found in [14]. We note in
passing that we do not set the external momenta occuring ipdtentiaV on the mass shell when
we iterate it in the BSE. In contrast, we evaluate all Feyngraphs in the way dictated by the rules
of field theory. This will prove very convenient when we comehe implementation of gauge
invariance in the full (photoproduction) amplitude, whittten becomes a rather straightforward
procedure as outlined below. The (off-shell) solution & BSE has the form

T(9,:0,;P) = a,pa, Ta(p) + a,8,T2(p) + pa, Ta(p) + @4, pTa(p) + @, Ts(p)
+@,Te(p) + pTz(p) + Ta(p) - (2.5)
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The scalar coefficient functionk,(p) are matrices in channel space, and depend only on the vari-
able p?. They will enter the calculation of the various photo- anec&loproduction amplitudes

in the next section. To obtain the complete on-shell mesogdn scattering amplitude, this ex-
pression has to be sandwiched between baryon spir@gs ... u(p;). Two-body unitarity in the
space of meson-baryon channels is guaranteed by the fack ikahe solution of the BSE with
hermitian potential (interaction kernal). Our approach to photoproduction presented in the next
section will be such that unitarity is also satisfied whengheton is coupled to the meson-baryon
bubble chain summed up by means of the BSE, using the methtideslin [15], and described

in the next section.

3. Photo- and electroproduction

The Bethe-Salpeter approach discussed in the last seotidheg Lippmann-Schwinger equa-
tion in the non-relativistic framework) can be implemenitedlectroproduction processes of mesons
on the nucleon. In previous work, the electromagnetic mesoduction on the nucleon was calcu-
lated at tree level and the produced meson-baryon pair vigsctuo final-state interactions [1, 8].
As the photon does not couple to all intermediate stateseofrtbson-baryon bubble chain, gauge
invariance is in general violated and must be restored \tificaal manipulations. Therefore it
seems desirable to develop a formalism which implementgfineiples of gauge invariance and
unitarity in a most natural and straightforward manner. Woiv here the path which we have al-
ready outlined in [15] in rather general terms, for the cdsemhoton coupling to a meson-baryon
scattering amplitude. In this work, we shall be more expiigievaluating the contributions to
the various amplitudes in question. Our approach for caostry a unitary and gauge invariant
electroproduction amplitude decomposes into two majqrsste

(1) Fix the hadronic part of the amplitude by making use of &B&implement exact two-body
unitarity.

(2) Couple the photon to the ‘*hadronic skeleton’ constrdigtestep (1) wherever possiblieg.
to all external and internal lines describing the propagatf the involved particles as well
as to (momentum-dependent) vertices.

The procedure of step (2), which is the most natural way taapuiaee gauge invariance of the
amplitude, leads to contributions that were usually notsatered in chiral unitary approaches
involving electromagnetic interactions. The importan¢ghese additional contributions which

render the electroproduction amplitude gauge invariantaiao be quantified within the scheme
utilized here.

The leading order (tree Ieveﬂ§<pB amplitude is easily derived from the leading order Lagrangi

of eq. (2.1). Employing this vertex insertion, and the melsaryon scattering amplitude derived
from the BSE, we can construct the ’hadronic skeleton’ noeetil above, and illustrated in fig. (2).
In order to complete step (1), we still have to specify whicbson-baryon channels contribute
in the framework of our electroproduction model. In thistfstudy, we choose to consider only
the ground-state octets of mesons and baryons, respgctMelreover, from the topology of the
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Figure 2: The dressed meson-baryon vertex in our model amplitudefilléeecircle (open square) denotes
the full (tree level) meson-baryon interaction.

WO— 4‘?* = —
A B C

kS

7

@l /—

H

Figure 3: Classes of diagrams for kaon production off the nucleonéragproximation utilized here.

hadronic part of the Feynman graph in fig. 2 we can concludetiigameson-baryon pairs must
have the charge and strangeness quantum numbers of the.pFats limits the number of channels
to six:

pr®, ntt, pn, AKT, 20K+, =KO. (3.1)

The limitation to these channels can only occur becauserptitade is not crossing-symmetric,
otherwise more channels with different quantum numberst tneiconsidered. The violation of
crossing-symmetry is a drawback of the BSE method which veetadterate the rescattering
graphs.
By now, we have finished the first part (step (1)) of our progr&dur next task is to couple the
photon to the hadronic part of the amplitude in a gauge-iamarfashion. Inserting the photon
coupling at every possible place leads to the set of diagdisptayed in fig. 3. Again, explicit
expressions for all those Feynman graphs are given in [12].

Having finished the construction of the electroproductiotpbtude, we return to the issue of
unitarity. The crucial observation here is that every etgmoduction amplitudez* (g, k; p) which
may be written as (see also fig. 4)

d

A (a,K p) = 5 (. p) + / d T (q,1;p)iS(p—N)A(1).25 (1. k; p) (3.2)

(2m)¢
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Figure4: lllustration of the integral equation (3.2) satisfied by elgctroproduction amplitude.

obeys the requirement of two-body unitarity in the subspd#aaeson-baryon channels. Her#,

is an amplitude for meson-baryon scattering that solves & &S3he type of eq. (2.4) anMO“

is a real kernel. The proof proceeds in close analogy to tleepsasented in sec. 5 of [15]. It
is straightforward to convince oneself that our model atagk is of the form described by the
foregoing equation. We also have to show that the séffi of the specified graphs is gauge
invariant by provingk-.# = 0 for on-shell mesons and baryons. Although this might becolsv
from our construction, we have included an explicit proofta$ statement in [12].

4. Results

Using our model amplitude, we have performed an overalit to available photoproduction
and pion-induced data on the proton near the respectivehigs. In more detail, we fit the dif-
ferential cross sections for photoproduction on the pratom the KA, K30, KOz final states
as well as ofr p — KOA, K®30. Inspection of the differential cross sections reveals div@ady
at moderate energies away from threshpldand d-waves become increasingly important. Since
our approach, which is based on the Weinberg-Tomozawaaittien kernel, generates mairdy
waves (with the exception of the t-channel exchange graphfi@.i 3) and thus does not provide
a realistic description for higher partial waves, we expettd be valid only in the near-threshold
regions. We have thus restricted our fits to energy valuewhich the differential cross sections
are dominated bg-waves,i.e. center-of-mass energies of about 1.80 GeV correspondipgdtion
lab momenta of about 1.25 GeV or pion lab momenta of about@Ge3 Still, we will be able to
extract interesting information from such investigatiomsparticular, we can study in detail the
commonly appearing approximations made in the literatsral@ady mentioned in the introduc-
tion. The free parameters in our approach are, on the one Hamthree meson decay constants
Frm Fx, Fy which we vary separately within realistic bounds, as the338ymmetry-breaking dif-
ferences between them are beyond our working precisioredaéffiective potential. More precisely,
SU(3) symmetry breaking is generated by various higherrdestens in the meson-baryon (meson)
Lagrangian starting at chiral order two (four). Since thesstributions are not included in the
leading order WT kernel, we simulate such effects by allgwiariations in the various meson
decays constants. This, of course, will no longer be donenie higher order terms in the inter-
action kernel have been included. One observes that the ditteay constants tend to larger values
reducing the strength of the Weinberg-Tomozawa interactibhis is consistent with findings in
earlier chiral unitary studies,e. the WT interaction in many cases produces too strengves,
seee.q.[8]. We allowF, K, andF, to vary between 70 MeV and 150 MeV. On the other hand, we
fit the four different isospin-symmetric scalgsin the loop integrals. For the best fits their values
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are roughly in accordance with timatural sizeestimate of ref. [2] (although most of them turn out
to be somewhat large).

We have included in our fit data on differential cross sestiohthe photoproduction processes
yp — KTA, K30 KOZ*. Some results are displayed in figs. 5 and 6, respectivelgwArémarks
are in order: The SAPHIR and CLAS data on charged kaon photiojgtion show some inconsis-
tencies at forward angles, but this can not be resolved nvitité approximations made here. Also,
the very different shape of the differential cross sectimnshe KA andK =0 final states can be
traced back to the isospin selectivity of thesee also ref. [16].

To summarize, the results presented here show a reasomggbkareent with data on photon-
and pion-induced reactions close to threshold, but motistiednteraction kernels and higher par-
tial waves are required to obtain better agreement with dagarticular away from threshold. This
is however beyond the scope of the present investigationhate also examined gauge invariance
violations encountered in previous chiral unitary apphescwhich only took a subset of the dia-
grams in fig. 3 into account. One clearly observes that waatof gauge invariance are sizable,
although this effect could, in principle, be concealed nucadly by readjusting the parameters of
the approach. This indicates that the additional coniobst which render the photoproduction
amplitudes gauge invariant and were omitted in previouswog not negligible and must be taken
into account.

In order to be able to compare our results with previous thingary approaches we have also
worked in the approximations employed in these investgati seee.g.[8]. One notes that the
effects of these approximations can indeed be sizable. nAdgi a suitable parameter refitting
one might be able to describe the total cross sections, kahdghe more sophisticated scheme
developed here, such approximations are no longer negessar

5. Outlook

The present analysis of kaon photoproduction only made fube aninimal form of an ampli-
tude subject to the constraints of two-body (coupled chmumgtarity and gauge-invariance. As
expected, we could not produce a perfect fit to all the aviglakperimental data, but nonetheless
the result was encouraging, and it seems worthwile to woikngmovements of the minimal ansatz
for the amplitude. The most important building block is tmepditude for meson-baryon scatter-
ing, given by the solution of a BSE with a given kernel. So fais kernel was given only by the
Weinberg-Tomozawa term, and it is not surprising that ogcdption of meson-baryon scattering
is not yet satisfactory in most channels. It is straightfmmv(though still requiring quite some
amount of work) to implement higher-order contact termsrfithie next-to-leading order meson-
baryon Lagrangian in the kernel (of course, this will alsaléo additional photon-couplings by the
minimal substitution rule). In principle, also the leadimgler Born graphs will have to be included
in the meson-baryon potential. Work in this direction isrently under way.

Having achieved a suitable extension of the meson-baryattesing amplitude, the photoproduc-
tion amplitude can be worked out along the lines displayetbpally in figs. 2 and 3. Furthermore,
the coupling of the photon to the mesons and baryons will bhavee supplemented with higher-
order terms, like e.g. couplings proportionald8"F,,. We are confident that refined versions
of the model amplitude presented in this contribution wilbguce sensible results in the near-
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Figure5: Differential cross sections forp — KA compared to data from [17]. The number in each plot
denotes the respective c.m. enexgy.
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Figure6: Differential cross sections forp — K 3% compared to data from [18]. The number in each plot
denotes the respective c.m. eneigy.
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threshold regions, and will yield an important contributiim the theoretical understanding of the
very complicated process of low-energy kaon photoproduacti
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