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EXTENDING ISOBAR MODEL FOR KAONPHOTOPRODUCTION UP TO 16 GeVT. Mart and T. WijayaJurusan Fisika, FMIPA, Universitas Indonesia, Depok 16424, Indonesia(Re
eived De
ember 13, 2002; revised version re
eived February 18, 2003)We extend the isobar model for kaon photoprodu
tion to 
onsider higherenergy data by 
ombining the model with a Regge approa
h. The extendedmodel works ni
ely between threshold and 16 GeV. It is shown that modelwith 
rossing symmetri
 Born terms leads to a better des
ription of experi-mental data. We use the model to 
al
ulate 
ontributions of kaon 
hannelsto the Gerasimov�Drell�Hearn sum rule up to 16 GeV.PACS numbers: 13.60.Le, 11.55.Hx, 13.40.Em, 14.20.Dh1. Introdu
tionThe isobar model has been proven very powerful for studying photo- andele
troprodu
tion of mesons. Using an isobar model one has the opportunityto study some phenomenologi
al aspe
ts related to the pro
ess, i.e., theele
tromagneti
 and hadroni
 form fa
tors, the ex
ited baryon and mesonresonan
es, as well as individual 
ontributions to the anomalous magneti
moment of the nu
leon in the Gerasimov�Drell�Hearn (GDH) sum rule.Referen
e [1℄, e.g., has identi�ed a missing nu
leon resonan
e D13 with mass(width) of 1895 (372) MeV by analyzing the new 
 + p ! K+ + � data inthe framework of isobar model.Despite of their su

ess, isobar models usually work only up to photonlab energy Elab
 = 2 GeV. Beyond this energy region most models be
omede�
ient and show divergen
e, unless some hadroni
 form fa
tors are 
on-sidered in the hadroni
 verti
es, and their roles are traditionally substitutedby Regge approa
hes. However, a brief inspe
tion to the parti
le data bookreveals that almost 50% of baryon resonan
es are observed with masses be-tween 2 and 3 GeV, whi
h is 
learly beyond the regime of isobar models.Sin
e Regge model 
annot be used to investigate these resonan
es, a newresonan
e driven me
hanism explaining the ele
tromagneti
 produ
tion ofmeson in this energy region should be established.(2651)



2652 T. Mart, T. WijayaMoreover, an extension of isobar model to higher energies be
omes anurgent task if, for instan
e, we 
onsider the 
al
ulation of the GDH sumrule. Basi
ally, the sum rule involves an integral from rea
tion thresholdsup to Elab
 = 1. However, due to the limitation of the model, usually onehas to stop at or below Elab
 = 2 GeV, whi
h means disregarding the higherenergy 
ontributions. As an example, Ref. [2℄ has 
al
ulated 
ontributionsof kaon�hyperon �nal states to the GDH sum-rule up to 2 GeV. Thus, thea

ura
ies of su
h 
al
ulation would strongly depend on the upper limitationof the model.At Je�erson Lab, kaon ele
troprodu
tion experiment has been performedwith total 
.m. energy W = 3 GeV [3℄. A proposal for upgrading thea

elerator to rea
h 12 GeV has been also dis
ussed [4℄. To this end, noisobar model has been proposed to investigate physi
s of the pro
ess at thisenergy.For this purpose we will follow the method used in Ref. [5℄, i.e. 
ombiningthe 
onventional isobar model with a Regge approa
h. We note that thispro
edure has been su

essfully applied to a multipole analysis of single-pionphotoprodu
tion between threshold and Elab
 = 16 GeV.2. FormalismWith the 
onvention of four-momenta
(p
) +N(pN ) �! K(pK) + Y (pY ) ; (1)the transition matrix for both isobar and Regge models for kaon photopro-du
tion 
an be written in the form ofMfi = �u(pY ; sY ) 4Xi=1 Ai Mi u(pN ; sN ) ; (2)where the gauge and Lorentz invariant matri
es Mi are given by [6℄M1 = 
5 �=p
= ; (3)M2 = 2
5(pK � pN p
 � pK p
 pN �) ; (4)M3 = 
5(pK p
 �=� pK � p
= ) ; (5)M4 = i"����
�p�K��p�
 ; (6)and � indi
ates the photon polarization. The amplitudes Ai are obtainedfrom Feynman diagrams by using the vertex fa
tors and propagators givenin Ref. [7, 8℄.



Extending Isobar Model for Kaon Photoprodu
tion : : : 2653The Born amplitudes for kaon photoprodu
tion are given byABorn1 = � egKY Ns�m2N �QN + �NmN �mY2mN �F (�; s)� egKYNu�m2Y �QY + �Y mY �mN2mY �F (�; u)� (1� jQY j) eGKY 0Nu�m2Y 0 mY 0 �mNmY 0 +mY F (�; u) ; (7)ABorn2 = 2egKY Nt�m2K � QNs�m2N + QYu�m2Y � eF ; (8)ABorn3 = egKY Ns�m2N �NF (�; s)2mN � egKY Nu�m2Y �Y F (�; u)2mY�(1� jQY j)eGKY 0Nu�m2Y 0 F (�; u)mY 0 +mY ; (9)ABorn4 = egKY Ns�m2N �NF (�; s)2mN + egKY Nu�m2Y �Y F (�; u)2mY+(1� jQY j)eGKY 0Nu�m2Y 0 F (�; u)mY 0 +mY ; (10)where QN and QY denote the 
harges of the nu
leon and the hyperon in+e unit, while �N , �Y , and �T indi
ate the anomalous magneti
 momentsof the nu
leon, hyperon, and the transition of � 0�. It is understood thatY 0 = � 0 [�℄ for K� [K� 0℄ produ
tion. The form fa
tors F (�; x), withx = s; t; u, and eF indi
ate in
lusion of hadroni
 stru
tures in the 
orre-sponding verti
es. It is a well-known fa
t that in
lusion of this stru
turein the model leads to a violation of gauge invarian
e. However, in orderto take into a

ount the fa
t that baryons and mesons are not point-like,in
luding hadroni
 form fa
tors in the model is inevitable. There have beenseveral methods to alleviate this problem, two of them have been proposedby Ohta [9℄ and Haberzettl [10℄. To restore gauge invarian
e Ohta has de-rived an additional 
urrent 
orresponding to a 
onta
t term by making useof minimal substitution. However this method was found by Haberzettl tobe too restri
tive, sin
e it amounts to removing any vertex dressing fromthe dominant ele
tri
 
ontributions whi
h 
learly removes the desirable ef-fe
ts of suppressing the divergen
e of the amplitude. In our notation Ohta'smethod 
orresponds to eF = 1, thus provides no 
ut-o� for higher energies.In the Haberzettl's pres
ription eF 
an have arbitrary form, nevertheless amore �demo
rati
� 
hoi
e was 
hosen as [11℄eF = a1F1(s) + a2F2(u) + a3F3(t) with a1 + a2 + a3 = 1 : (11)



2654 T. Mart, T. WijayaIt has been shown [11℄ that this 
hoi
e is more �exible and superior to Ohta'sapproa
h. Indeed, most of the modern studies of kaon photoprodu
tion usedHaberzettl's method in an e�e
tive Lagrangian framework [11�13℄.The K�(892) and K1(1270) ve
tor meson poles are also in
luded in thet-
hannel, sin
e previous studies found that their roles are signi�
ant in theK+� photoprodu
tion [7, 8℄. The low-energy resonan
e part of the K� op-erator in
ludes three states that have been found to have signi�
ant de
aywidths into the K+� 
hannel, the S11(1650), P11(1710), and P13(1720) reso-nan
es. Due to their isospin stru
ture theK� photoprodu
tion 
hannels 
aninvolve the ex
itation of N� as well as � states. In this model we in
lude twospin 1/2 �, the S31(1900) and P31(1910) states. In Ref. [14℄ it is shown thatthe agreement with data is signi�
antly improved by in
luding a P13(1720)intermediate state in K� 
hannels. An ex
ellent agreement between lowenergy experimental data and model predi
tion has been a
hieved, whereit is then found that a new, missing, D13(1895) nu
leon resonan
e appearsnaturally in order to explain the apparent stru
ture in the total 
ross se
-tion of the SAPHIR data in the K+� 
hannel [1℄. These resonan
e terms areall gauge-invariant independently and, therefore, do not depend on di�erentpres
riptions of restoring gauge invarian
e. Their amplitudes 
an be foundin the previous works [7, 8℄. In general we haveAisoi = ABorni +Aresi ; i = 1; : : : ; 4 ; (12)where Aresi denotes 
ontributions from resonan
e terms in
luding thet-
hannel poles.Very re
ently, Davidson andWorkman [15℄ noti
ed that the gauge methodof Haberzettl [11℄ 
ould 
reate a pole in the ba
kground part and the 
orre-sponding Born terms are not 
rossing symmetri
. We have �xed this problemin our model by taking a spe
ial form for the eF form fa
tor, i.e.eF = F1(s) + F1(u) + F3(t) + F1(s)F1(u)F3(t)�F1(s)F1(u)� F1(s)F3(t)� F1(u)F3(t) ; (13)as suggested by Ref. [15℄, and re�tted the low energy data to obtain the
oupling 
onstants. The result has been partly reported in Ref. [16℄. Thus,in 
on
lusion, in the low energy region we use an isobar model that in
ludeshadroni
 form fa
tors, satis�es gauge invarian
e and 
rossing symmetry, andis free of poles.For the higher energy region, we use the Regge model developed bythe Sa
lay group to explain high energy pion and kaon photoprodu
tion(Elab
 between 4 and 16 GeV) [17℄. The model exploits the K and K�traje
tories and in
ludes the ele
tri
 term of the s- and u-
hannel diagrams



Extending Isobar Model for Kaon Photoprodu
tion : : : 2655to ensure gauge invarian
e of the amplitude. In our notation the amplitudesfor this model readAReg1 = �egKY N QNs�m2N (t�m2K)PKReg � CK�GT tM(mN +mY ) PK�Reg ; (14)AReg2 = 2egKY N QNs�m2N PKReg + CK�GTM(mN +mY ) PK�Reg ; (15)AReg3 = �CK�GT (mN �mY )M(mN +mY ) PK�Reg ; (16)AReg4 = CK�GVM PK�Reg ; (17)where PKReg = � ss0��K(t) e�i��K(t)sin(��K(t)) ��0K� (1 + �K(t)) ; (18)and PK�Reg = � ss0��K� (t)�1 e�i��K� (t)sin(��K�(t)) ��0K�� (�K�(t)) ; (19)with �K and �K� the K and K� traje
tories given in Ref. [17℄ and CK�the isospin 
oe�
ient for the K� ex
hange [19℄. In Eqs. (14)�(17) M = 1GeV is inserted to make the 
oupling 
onstants GV and GT dimensionless.By taking the standard traje
tory equations for K and K� and �tting their
oupling 
onstants a good agreement with high energy data is a
hieved [17℄.Following Ref. [5℄, for the transition region, we modify the amplitudesAi in Eq. (12) by 
ombining the two modelsAtransi = 1s1 � s2 n(s� s2) Aisoi + (s1 � s) ARegi o ; i = 1; : : : ; 4 ; (20)where s = (p
 + pN )2 = W 2. For this study we limit the transition regionwithin W = 2�3 GeV, and therefore s1 = 4 GeV2 and s2 = 9 GeV2, aregion where we expe
t that the future experimental data will provide newinformation on whether or not higher lying resonan
es have signi�
ant de
aywidths to K� and K� 
hannels.We note that another alternative to extend the model to the higherenergy region is by reggeizing the t-
hannels of the operator [18℄, i.e. multi-plying the t-
hannels with PReg (t �m2K�), where PReg indi
ates the Reggepropagator given by Eq. (19). It is shown [18℄ that this pro
edure 
aneliminate the divergen
e provided that the ba
kground part of the model



2656 T. Mart, T. Wijayadoes not violently in
rease as a fun
tion of energy, sin
e at higher energiesthe t-
hannel resonan
es dominate all 
ontributions [6℄ and, therefore, areresponsible for the divergent behavior. Details of this pro
edure and the
orresponding result will be published in the future.3. Results and dis
ussionsThe result for all three proton 
hannels is shown in Fig. 1. Clearly, in all
hannels, the low energy isobar model starts to diverge at W slightly above2 GeV and the dis
repan
y with the data at region III is not surprising. TheRegge model �ts higher energy data, but overpredi
ts the low energy ones inK+� and K0�+ 
hannels, whereas it underestimates the K+� 0 data. Thedi�erent behavior shown by the Regge model in K+� 0 and K0�+ 
hannels
p
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tion : : : 2657
an be understood from the 
oupling 
onstants relation in the two 
hannels[19℄. Combining the two approa
hes by using Eq. (20) 
learly produ
es theexpe
ted result, where we see a 
ontinuous transition from region I to regionII and III. Unfortunately, Eq. (20) does not guarantee a smooth inter-regiontransition in the total 
ross se
tion, as shown, e.g., in the K+� 0 
hannel ofFig. 1. This problem, however, 
ould be alleviated if we had experimentaldata in the transition region, with whi
h re�tting the 
oupling 
onstantswould improve the extended model. For the present we 
annot see anyindi
ation of resonan
e in this region, sin
e no intermediate state is in
ludedat this kinemati
s. Future experimental data with a

ura
ies 
omparable toSAPHIR data would be su�
ient to shed important information at thisregion.In Fig. 2 we 
ompare the extended model with di�erent gauge methodsof Haberzettl and Davidson�Workman (DW), along with the result obtainedfrom re�tting 
oupling 
onstants in DW method to all data, where in the lat-
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2658 T. Mart, T. Wijayater we 
ould investigate the dependen
y and behavior of 
oupling 
onstantsin the isobar and Regge models, and expe
t a substantial improvement inthe whole energy region. Interestingly, Fig. 2 indi
ates that measurementof the K0�+ 
hannel with total 
.m. energy between 2 and 3 GeV is wellsuited for testing the two gauge pres
riptions.With ex
eption of the K0�+ 
hannel the improvement by re�tting to alldata shown in Fig. 2 seems to be insigni�
ant. However, di�erential 
rossse
tions shown in Figs. 3, 4, 5 reveal more information. In general, higherenergy di�erential 
ross se
tions show a forward peaking behavior. TheHaberzettl pres
ription results in a signi�
ant dis
repan
y with experimentaldata, espe
ially at W = 2:817 GeV in the K+� 
hannel. Although the
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Extending Isobar Model for Kaon Photoprodu
tion : : : 2659result indi
ates that the 
rossing symmetry in the Born terms 
ould be
omean important 
onstraint to the model, this is still un
lear in the 
ase ofK+� 0 due to the la
k of data in the forward region. At this kinemati
s all
al
ulations obviously deviate from K+� 0 data, indi
ating that a furtheranalysis might be required as soon as experimental data be
ome available.
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hannel. Notation is the sameas in Fig. 3. The datum at W = 2:915 GeV is from Ref. [22℄.Figure 5 shows that in the transition region, kaon angle between 0 and60 degrees would be the best kinemati
s to examine the validity of ourpredi
tions. Thus, from the three �gures we may 
on
lude that measurementof di�erential 
ross se
tions at the transition region is advo
ated, espe
iallyat forward angles.Figure 6 shows polarization of the re
oiled hyperon in the proton 
han-nels, where we 
an see sizable di�eren
es between models in the �, � 0 and�+ polarizations. In the � 
ase, it is obvious that the symmetri
 Born terms
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tion for the p(
;K0)�+ 
hannel. Notation is the sameas in Fig. 3. Data are from Ref. [20℄.lead to a slightly better des
ription of data in the low energy region, while inthe opposite 
ase we 
annot see the di�eren
e sin
e we use the same Reggemodel. The e�e
t of re�tting all 
oupling 
onstants (in
luding those of theRegge model) is nevertheless substantial at this energy. Unfortunately, theavailable data are not su�
iently pre
ise to single out these models. Thepredi
ted �+ polarizations show almost similar angular distribution and thea

ura
ies of experimental data do not also di�erentiate the models.
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ome from SAPHIR experiments [20℄.4. Contributions to the Gerasimov�Drell�Hearn sum ruleUsing the extended model we 
an 
al
ulate 
ontributions of kaon 
han-nels to the Gerasimov�Drell�Hearn (GDH) sum rule on the proton for Elab
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2662 T. Mart, T. Wijayarelates the anomalous magneti
 moment of the nu
leon �N to the di�eren
eof its polarized total photoabsorption 
ross se
tion�2�2�m2N �2N = 1Z0 d�� ��1=2(�)� �3=2(�) � ; (21)where �1=2 and �3=2 represent the 
ross se
tions for the possible spin 
om-binations of the proton and photon (i.e., �1=2 for total spin = 12 and �3=2for total spin = 32), � is the �ne stru
ture 
onstant, � = Elab
 , and mN themass of the nu
leon.In photoprodu
tion pro
esses, however, the spin-dependent 
ross se
tionsare related to the unpolarized total 
ross se
tion by�T(�) = �3=2(�) + �1=2(�)2 (22)and to the transverse�transverse response fun
tion [26℄ by�TT0(�) = �3=2(�)� �1=2(�)2 ; (23)whi
h 
an be measured by using polarized real photons and polarized target.In terms of polarization observables the latter 
orresponds to the doublepolarization E [27℄. By 
ombining Eq. (21) and Eq. (23) we obtain�2N = m2N�2� 1Z0 d�� �TT0(�) : (24)The response fun
tions �TT0 for all three proton 
hannels are shown inFig. 7, along with the unpolarized total 
ross se
tions �T for 
omparison. Al-though the total 
ontribution is relatively small 
ompared to other 
hannels,su
h as � and � 
hannels, Fig. 7 obviously illustrates that 
ontributions fromthe transition region (II) 
annot be negle
ted from the 
al
ulation, while
ontributions from the Regge domain are relatively small. This is moreelu
idated in Table I, where we 
an see that more than 20% of the total
ontribution 
ome from the transition region, while the Regge domain 
on-tributes just less than 4%. The value obtained in this 
al
ulation (2.533 �b)is in fa
t smaller than that of previous study using an isobar model without
rossing symmetri
 
onstraint. Nevertheless, this 
an be immediately un-derstood from the predi
ted �TT0 shown in Fig. 7, whi
h 
over smaller area
ompared to the previous 
al
ulation [2℄, espe
ially in the 
ase of K0�+
hannel, where the os
illating di�eren
e of the 
ross se
tions redu
es theGDH integral signi�
antly. Experimental data of �TT0 from threshold up toW = 3 GeV with error-bars less than 10% would be demanded to settle thisproblem.
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ross se
tions �T (dashed lines) and response fun
tions ��TT0 (solidlines) for kaon photoprodu
tion on the proton. All 
urves are obtained from themodel 
orresponding to the solid line in Fig. 2. Experimental data for �T are notshown for 
onvenien
e. TABLE IContributions of kaon photoprodu
tion on the proton to the GDH integral [Eq. (21)℄in �b. For 
omparison, the l.h.s. of Eq. (21) is equal to �204 �b.Region K+� K+� 0 K0�+ TotalI 0.989 0.958 �0:039 1.908II 0.169 0.347 0.028 0.544III 0.056 �0:008 0.033 0.081All 1.214 1.297 0.022 2.5335. Con
lusionIn 
on
lusion, we have su

essfully extended an isobar model to 
onsiderhigher energy kaon photoprodu
tion data up to 16 GeV by 
ombining themodel with a Regge approa
h in the transition region W = 2�3 GeV. Usingthis extended model we have re�ned the 
al
ulation of the kaon-hyperon�nal states 
ontributions to the GDH sum-rule on the proton and we foundthat 
ontributions from the transition region are still signi�
ant, i.e. upto 20% of those from the low energy region. A

urate measurements oftotal and di�erential 
ross se
tions between threshold and 3 GeV as wellas experiments with polarized photon and target are urgently required toeliminate some un
ertainties in this 
al
ulation.
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