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PHOTO- AND ELECTROPRODUCTION OF MESONSIN A GAUGE-INVARIANT FRAMEWORK�H. Haberzettl, C. BennholdCenter for Nu
lear Studies, Department of Physi
sThe George Washington University, Washington, DC 20052, USAand T. MartJurusan Fisika, FMIPA, Universitas IndonesiaDepok 16424, Indonesia(Re
eived August 11, 2000)A 
omprehensive formalism is presented to des
ribe the photo- or ele
-troprodu
tion of mesons o� the nu
leon. Taking the hadrons as extendedobje
ts des
ribed by form fa
tors, we dis
uss the issues of gauge invari-an
e and of o�-shell form fa
tors (both hadroni
 and ele
tromagneti
).Spe
i�
ally, we show how the gauge invarian
e of the produ
tion 
urrentis preserved by introdu
ing auxiliary 
urrents whi
h take the pla
e of theex
hange 
urrents usually negle
ted entirely in pra
ti
al appli
ations. Therelation of the present formulation to tree-level-type pres
riptions is dis-
ussed. Appli
ations to kaon photoprodu
tion are shown.PACS numbers: 25.20.Lj, 24.10.Jv, 13.75.Gx, 24.10.Eq1. Introdu
tionThe simplest 
ase of a meson produ
tion 
urrent 
on
erns pion photo-or ele
troprodu
tion o� the nu
leon. Although it is fairly straightforwardto obtain a full �eld-theoreti
al treatment of this problem [1�4℄, it still isa formidable task numeri
ally that up to now has not been solved in itsentirety.We will dis
uss here some issues � both pra
ti
al and theoreti
al �related to this problem. First and foremost, we will give a method forpreserving the gauge-invarian
e of the formalism when one needs to intro-du
e approximations mandated by pra
ti
al 
onsiderations. Se
ond, we will� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2387)
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uss the impli
ations of allowing for both ele
tromagneti
 and hadroni
o�-shell form fa
tors. We will also present some numeri
al results for kaonphotoprodu
tion whi
h exemplify the usefulness of the present approa
h.2. The rea
tion 
N ! �N for real or virtual photonsAssuming a 
omplete solution of the rea
tion �N ! �N (see Fig. 1), itis quite straightforward to write down an equally 
omplete solution of thepion photoprodu
tion problem 
N ! �N (see Fig. 2) [1�4℄.
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Fig. 1. Pion-nu
leon s
attering with fully dressed hadrons. Time pro
eeds fromright to left. The full �N -amplitude is denoted by T , with X subsuming all ofits nonpolar (i.e., non-s-
hannel) 
ontributions. The latter satis�es the Bethe�Salpeter-type integral equation depi
ted in the third line here, where the drivingterm U sums up all nonpolar irredu
ible 
ontributions to �N -s
attering, i.e., allirredu
ible 
ontributions whi
h do not 
ontain an s-
hannel pole (see Ref. [3℄ for fulldetails). Diagram elements with open, unlabeled 
ir
les des
ribe bare quantities.2.1. Gauge invarian
eGauge invarian
e is one of the 
entral issues when attempting to des
ribehow photons intera
t with hadroni
 systems. The gauge invarian
e of the
omplete produ
tion 
urrent, as given in Fig. 2, follows as a matter of 
oursefrom the full �eld-theoreti
al treatment [1�4℄. In pra
ti
e, however, approxi-mations are inevitable whi
h usually destroy the gauge invarian
e. To restoreit, the negle
ted rea
tion me
hanisms must be approximated by auxiliary
urrents 
onstru
ted su
h that the gauge-invarian
e-violating 
ontributionsto the four-divergen
e of the total produ
tion amplitude are 
an
elled. Su
ha pro
edure 
annot be unique, of 
ourse, sin
e one may always add arbitrarytransverse 
urrents without a�e
ting the four-divergen
e.
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Fig. 2. Meson produ
tion 
urrent M�. The �rst line, whi
h sums up the s-, u-,and t-
hannel diagrams and the intera
tion 
urrent M�int (right-most diagram), isreferred to as the tree-level. The dynami
al 
ontent ofM�int, in
luding the �nal-stateintera
tion mediated by the nonpolar �N amplitude X (see Fig. 1), is expli
itlyshown by the diagrams en
losed in the dashed box. The diagram element labelledU subsumes all ex
hange 
urrents 
ontributing to the pro
ess. The diagram withopen 
ir
le depi
ts the bare 
urrent.In des
ribing in the following how we propose to restore gauge invari-an
e, we assume that the gauge-invarian
e violation is due to the negle
tof ex
hange 
urrents [4℄. However, the 
onstru
tion of auxiliary gauge-invarian
e-preserving (gip) 
urrents given here may easily be adapted toother 
ases.The pion photoprodu
tion 
urrent of the nu
leon is shown in Fig. 2 [3℄.A

ording to the �rst line of this �gure, the total 
urrent M� may be brokenup into four main 
ontributions: The three Born terms due to the s-, u-, andt-
hannel 
urrents stemming from the photon 
oupling to the three externallegs of the �NN vertex, and the intera
tion 
urrent M�int where the photonatta
hes itself to an internal leg of the �NN vertex, i.e.,M� = M�s +M�u +M�t +M�int : (1)The intera
tion 
urrent M�int expli
itly involves the full 
omplexity of theinternal rea
tion dynami
s of the underlying �N s
attering problem sum-marized in Fig. 1.For gauge invarian
e of the total 
urrent M� to hold true, its four-divergen
e must satisfy a generalized Ward�Takahashi identity [1�4℄k�M� = ��1q e��q�k[
5Gt℄ + S�1p0 efSp0�k[
5Gu℄� [
5Gs℄Sp+keiS�1p ;(2)where p and k are the four-momenta of the in
oming nu
leon and photon,respe
tively, and p0 and q are the four-momenta of the outgoing nu
leon
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tively, related by momentum 
onservation p0 + q = p + k.S and � are the propagators of the nu
leons and pions, respe
tively, withtheir subs
ripts denoting the available four-momentum for the 
orrespond-ing hadron; ei, ef , and e� are the initial and �nal nu
leon and the pion
harges, respe
tively. [
5Gx℄ symboli
ally denotes the �NN vertex, withthe subs
ript x labeling the kinemati
 situation appropriate for the s-, u-,or t-
hannel diagrams appearing in Fig. 2.Combining this with the 
ondition to be satis�ed by the intera
tion 
ur-rent, i.e., k�M�int = e�[
5Gt℄ + ef [
5Gu℄� [
5Gs℄ei ; (3)it was shown in Ref. [4℄ that, by introdu
ing auxiliary 
urrents designed toprovide the gip e�e
ts of the ex
hange 
urrents 
ontained in M�int, one mayapproximate the intera
tion 
urrent byM�int ! j�gip +XG0�M�t;u +M�t;t� ; (4)wherej�gip = �gpv
5
�2m �(1� �)Gpv;te� + �Gpv;sei + �Gpv;uef�� (2p+ k)�s�m2 
5�Gs[�℄� bG�ei � (2p0 � k)�u�m2 
5�Gu[�℄ � bG�ef� (2q � k)�t� �2 
5�Gt[�℄� bG�e� ; (5)andXG0�M�t;u +M�t;t� = XG0nT �NSpN�k[
5Gu℄ + T ���q��k[
5Gt℄o : (6)The �rst term on the right-hand side of Eq. (5) des
ribes a dressed Kroll�Ruderman 
urrent. It is assumed here that the �NN vertex is given by amixture of pseudos
alar (ps) and pseudove
tor (pv) 
ouplings, i.e.,Gx[�x℄ = gpsGps;x + gpv q=� �xk=2m Gpv;x ; (7)where �s = �u = 0 for x = s; u and �t = 1 for x = t. The parameter �appearing in Eq. (5) provides a straightforward generalization of these 
asesby allowing � in j�gip to be 
hosen independent of the kinemati
 situation.(This slightly generalizes the pro
edure of Ref. [4℄, where � = 1.) Thefun
tion bG is undetermined; we 
hoose it as [5℄bG = asGs[�℄ + auGu[�℄ + atGt[�℄ ; with as + au + at = 1 : (8)
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tion of Mesons : : : 2391In pra
ti
al 
al
ulations, this provides three �t parameters for the gip 
ur-rent (5), namely � and two of the ax's. Equation (6) provides the remaining
ontribution of the �nal-state intera
tion mediated by the non-polar �Namplitude X (see Fig. 1). G0 is the produ
t of the intermediate pion andnu
leon propagators and T �N and T �� denote the transverse parts of the ele
-tromagneti
 nu
leon and pion 
urrents, respe
tively. In the gip s
heme de-s
ribed here, the 
ontributions due to the �nal-state intera
tion, therefore,are entirely transverse.We emphasize on
e again that the gip 
urrent given here is not unique.One may always add a transverse 
urrent without a�e
ting the gauge invari-an
e. In parti
ular, 
hoosing � = 1 and bG = g�NN , the present pro
eduresubsumes also the gip re
ipe by Ohta [6℄.2.2. Appli
ation to kaon produ
tionIn Fig. 3, typi
al results for the photoprodu
tion p(
;K+)� are shown.This result was obtained at the tree level (i.e., X =0). The �gure shows a
omparison of the present method to Ohta's re
ipe. It is found that, ingeneral, one obtains a better des
ription of experimental data with our pre-s
ription. This is also 
orroborated by the results reported in Refs. [5,9,10℄.
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Fig. 3. New Bonn saphir data [7℄ for p(
;K+)� (new data: solid squares; olddata: open squares) 
ompared to theoreti
al predi
tions using the present formal-ism (solid line) and the one by Ohta [6℄ (dotted lines).
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e vs 
urrent 
onservationThe pro
edure for obtaining a gip 
urrent des
ribed above rests uponsatisfying the basi
 generalized Ward�Takahashi identity (2). We wouldlike to emphasize that the latter is an o�-shell 
ondition. To make a givenapproximate 
urrent J� 
onserved, one often relies on a subtra
tion of thelongitudinal 
omponent, i.e.,J� ! J�

 = J� � k�k � Jk2 ; (9)whi
h obviously provides k �J

 = 0. Often this 
onserved 
urrent is 
onfusedwith a gauge-invariant 
urrent. In general, however, this is not justi�ed. Weemphasize that J�

 will only be gauge-invariant if the di�eren
e between thetrue 
urrent and the 
onserved 
urrent J�

 
an be shown to be transversewhen all hadron legs are o�-shell; transversality of the on-shell di�eren
e isnot su�
ient. 3. O�-shell form fa
torsIn the following, we will brie�y 
onsider the impli
ations of expli
itly al-lowing o�-shell degrees of freedom in both the hadroni
 and ele
tromagneti
verti
es. 3.1. Hadroni
 vertex: �NNThe linear 
ombination of pseudos
alar and pseudove
tor 
oupling as-sumed in Eq. (7) is not the most general form for the �NN vertex. Ingeneral, this vertex has four form fa
tors Gij = Gij(q2; p02; p2), i.e.,F = 
5G00 + p=0 �m02m0 
5G10 + 
5 p=�m2m G01 + p=0 �m02m0 
5 p=�m2m G11 : (10)In view of the inverse Dira
 propagators appearing here, the last three termsgive rise to 
onta
t-type 
ontributions if employed inside a diagram. Forpra
ti
al purposes, and to allow one to make 
onta
t with the usual param-eterizations, it seems reasonable to simplify the vertex by usingG00 � m+m02m G01 = G00 � m+m02m0 G10 �! gpsGps ; (11)m+m02m G01 = m+m02m0 G10 = (m+m0)24mm0 G11 �! gpvGpv ; (12)whi
h providesF = 
5gpsGps + p=0 +mm0 +m
5 p=+m0m+m0 gpvGpv : (13)
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troprodu
tion of Mesons : : : 2393Half-on-shell this is exa
tly identi
al to Eq. (7). At the tree-level, therefore,there is no di�eren
e to the previous treatment of the �NN vertex.3.2. Ele
tromagneti
 vertex: 
NNThe most general 
urrent for the nu
leon that satis�es gauge invarian
e
ontains eight form fa
tors F ijn = F ijn (p02; p2; k2), i.e.,� � = 
� + ��
�k2 � k�k=� F 001k2 + i���k�2m F 002 �+ ��
�k2 � k�k=� F 011k2 + i���k�2m F 012 � p=�m2m+ p=0 �m2m ��
�k2 � k�k=� F 101k2 + i���k�2m F 102 �+ p=0 �m2m ��
�k2 � k�k=� F 111k2 + i���k�2m F 112 � p=�m2m : (14)If both nu
leons are on-shell, the �rst line here 
orresponds to the usualparameterization in terms of the Dira
 and Pauli form fa
tors, i.e., F 001 !F1 � 1 and F 002 ! F2.The remaining six form fa
tors des
ribe o�-shell degrees of freedom whi
hare not dire
tly a

essible by experiment in a model-independent way. Aswith the hadroni
 vertex above, these terms 
an be asso
iated with 
onta
t-type intera
tions. The simplest ansatz whi
h employs only two form fa
tors,yet retains some of the o�-shell dependen
e results from the identi�
ationF 111 = F 011 = F 101 = F 001 �! F1 � 1 ; (15)F 112 = F 012 = F 102 = F 002 �! F2 (16)whi
h redu
es (14) to� � = 
� + p=0 +m2m ��
� � k�k=k2 � (F1 � 1) + i���k�2m F2� p=+m2m : (17)4. Summary and dis
ussionIn summary, we have treated here the ele
tromagneti
 produ
tion 
urrentfor mesons o� the nu
leon for both real and virtual photons. We used the
onstraints following from requiring the validity of the generalized Ward�Takahashi identities to 
onstru
t auxiliary 
urrent pie
es that ensure that
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e is preserved even if � as it is invariably the 
ase in pra
ti
alappli
ations � one does not treat the problem 
ompletely and 
onsistently.The present results remain equally valid whether the form fa
tors Fand the �nal-state amplitude X are obtained via some sophisti
ated Bethe�Salpeter-type formalism or are based on a simple phenomenologi
al modelansatz. How these elements are obtained does not enter any of the present
onsiderations and therefore has no bearing on the question of gauge invari-an
e.We have also dis
ussed brie�y the possibility of employing o�-shell formfa
tors for both hadroni
 and ele
tromagneti
 verti
es. The simpli�
ationswe propose here may help determine how important the full o�-shell depen-den
e of these verti
es may be in pra
ti
al 
al
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