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Vector meson production and nucleon resonance analysis in a coupled-channel approach
for energiesmy<+/s<2 GeV. Il. Photon-induced results

G. Penner and U. Mosel
Institut fir Theoretische Physik, Universtt&iessen, D-35392 Giessen, Germany
(Received 25 July 2002; published 27 November 2002

We present a nucleon resonance analysis by simultaneously considering all pion- and photon-induced ex-
perimental data on the final statesl, =N, 27N, 7N, KA, KX, andwN for energies from the nucleon mass
up to Ys=2 GeV. In this analysis we find strong evidence for the resonamg&l750), P15(1900),
P35(1920), andD 15(1950). ThewN production mechanism is dominated by lafgg(1710) andP,5(1900)
contributions. In this second part we present the results on the photoproduction reactions and the electromag-
netic properties of the resonances. The inclusion of all important final states yig=t@ GeV allows for
estimates on the importance of the individual states for the GDH sum rule.
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I. INTRODUCTION tion, performed by Friman and Soyeluf], a rough descrip-
tion of the experimental data was achieved by only including
The reliable extraction of nucleon resonance propertiesr and o t-channel exchange. In the model of Oh and co-
from experiments where the nucleon is excited via eitheworkers[8,9] the nucleon contributions are damped by rather
hadronic or electromagnetic probes is one of the major issuesoft form factorsf Ay=0.5-0.7 GeV using-,,, Eq.(9)]. A
of hadron physics. The goal is to be finally able to comparesimilar observation was made in the model of Babae@al.
the extracted masses and partial-decay widths to predictiorjd0], where the Born contributions were not damped by soft
from lattice QCD(e.g., Ref[1]) and/or quark modelée.g., form factors, but a very smatbNN coupling constant was
Refs.[2,3]). extracted ¢,yn=<1). Hence in both models, the Born con-
With this aim in mind, in Refs[4,5] we developed a tributions are effectively neglected. Since Babae#al. did
unitary coupled-channel effective Lagrangian model that innot include any baryon resonances, the effective reaction
corporated the final statgaN, 7N, 27N, 7N, andKA, and  process is almost purely given liyichannel exchanges, and
was used for a simultaneous analysis of all avaible experiis thus close to the model of Friman and Soyeur. édlal.,
mental data on photon- and pion-induced reactions on theowever, included baryon resonances by using nonrelativis-
nucleon. The premise is to use th@me Lagrangianfor the  tic Breit-Wigner descriptions with vertex functions taken
pion- and photon-induced reactions, allowing for a consistenfrom the quark model of CapstidR], and thus did not con-
analysis, thereby generating the background dynamicallgistently generate a-channel background. An imaginary
from u- andt-channel contributions without new parameters.part of the amplitude was only taken into account via total
In the preceding papg6], called PMI in the following, we  widths in the denominator of the implemented Breit-Wigner
presented the results of the extension of the model space tesonance description. In a similar way resonances were also
center-of-mass energies @6=2 GeV, which requires the included in the effective Lagrangian quark model of Zhao
additional incorporation of the final statedN andKX. The  and co-workerd11-13 on » photoproduction. However,
ingredients mandatory for a unitary description of all thenone of these models anm photoproduction included rescat-
above final states and the results on the pion-induced reagering effects. Only in the most recent two works of Oh and
tions have been discussed both for calculations where onlyo-workers[8] did the authors start to consider the coupled-
the pion-induced reactions were considered and calculationshannel effects of intermediateN and pN states.
where pion- and photon-induced reactions were considered. This restriction to a single-channel analysis is a funda-
In this paper, we concentrate on the photoproduction reaanental weakness of all th&matrix models. Although the
tions. above models orwN and also single-channel analyses on
For the photoproduction of the newly incorporated chanK A or K3 [14-18 photoproduction aim to provide a tool
nels oN and KX, almost all models in the literature are for the search and identification of missing resonances, an
based on single-channel effective Lagrangian calculations ignherent problem of such an extraction is ignored: Due to the
noring rescattering effectsften called ‘“T-matrix models).  restriction on one single reaction channel, rescattering effects
Especially the inclusion of nucleon Born contributions for can only be incorporated in those models by putting in by
the o production mechanism in these models has led to ahand a total width in the denominator of the included reso-
overestimation of the data for energies abové.77 GeV, nances. It often cannot be examined whether the applied
and only either the neglect of these diagrams or very softesonance parameters are compatible with other reaction
form factors has resulted in a rough description of the exchannels. Thus the “hunt for hidden resonances” by single
perimental data. In the first calculation @n photoproduc- channel analyses becomes questionable.
This problem can only be circumvented if all channels are
compared simultaneously to experimental data, thereby re-
*Electronic address: gregor.penner@theo.physik.uni-giessen.de stricting the freedom severely; this is done in the model un-
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derlying the present calculation. The aim of this paper is to TABLE I. Properties of asymptotic and intermediatehannel
discuss the results of the photoproduction reactions. We stafesons entering the potential for the photon-induced reactions. For
in Sec. Il with a review of the necessary extension of thethose particles, that appear in several charge states, averaged masses
model for the inclusion of photoproduction reactions. In Secare used. In the last column, all reaction chanttielsluding pion-

Il the implemented data base is discussed and the chang#¥luced channejsto which the mesons contribute, are given.

with respect to Ref{5] are pointed out. In Sec. IV our cal-

culations are compared to the available experimental data,  Mass[GeVl S P | tchannel contributions

and we conclude with a summary. In the Appendixes, we_ 0.138 0o - 1 . 7), (7, ), (7, 0)

give a summary of the extensions of the formalism underly 0.496 o - 1 (7, A),(7,3)

ing the present calculations necessary for the inclusion of 0.547 0 - o0 1.7, (7.0)

photoproduction reactions; more details can be found in PM 0.783 1 - o i

[6] and in Ref[19]. @ ' (). (v )
P 0.769 1 - 1 (7T,’7T),(’7T,a)),(’)/,77),(’)/, 77)
K* 0.894 1 - 3 (mA),(#@3),(nA), (1Y)

Il. INCLUSION OF PHOTOPRODUCTION Ky 1.273 1+ 3 (7v.A),(v.2)
IN THE GIESSEN MODEL
For the inclusion of photon-induced reactions in the . =
Bethe-Salpeter equatiqsee Appendix B and PMI6)), Ti*= {m : ()
fi

. . . whereKo(f|K|i)=(f|V]i) [see Eq(B2) in Appendix B, is
ﬂ'm:’q‘rﬁf'f dQ,> > fﬁa Ao (1) only solved for the hadronic states. In the second step, the
2 ta meson photoproduction amplitudes can be extracted via

a full isospin decomposition of the photon-induced reactions nyizlglnyiJriz fJf’C!an , 3
including Compton scattering has to be performed. In Eq. a
(1), arepresents the intermediate two-particle state. AIthoqu\’here the helicity indices are omitted. The sum runs only

this decomposition can in principle be eas_,|ly achlevwe . over hadronic states. Finally, the Compton amplitudes result
Ref.[19]), one runs into problems concerning gauge invari-¢.

ance of Compton scattering. This is due to the fact that the
rescattering takes place via the 3 and3 amplitudes, thus
weighing the Compton isospin amplitud@$ "/ with 1 =3

and T>5%2 with 1=% of Eq. (D4) differently, while gauge
invariance for the nucleon contributions is only fulfilled for With a running again only over hadronic states. Since the
the proton and neutron amplitudenore precisely, for the Compton isospin amplitudes of the potential only enter in the
combinationTX2 Y2+ 27137 This is related to the fact that direct contributionkC;)” and only the proton and neutron
only two physical amplitudes for Compton scattering existCompton amplitudes of EqD5) are of interest, gauge in-
(yp— yp,yn— yn) and rescattering effects are usually cal- variance is fulfilled.

culated in a basis using physicat{p,7*n,7 p,7n), not
isospin state$20]. Consequently, the electromagnetic inter-
action is included only perturbatively in the present calcula- The contributions to the potenti®lin the case of photon-
tion model[21]. The perturbative inclusion is equivalent to induced reactions come from bremsstrahlung of asymptotic
neglecting all intermediate electromagnetic stade the  particles (N,>,7,K), electromagnetic decays of nucleon
rescattering part of Eq1). Due to the smallness of the fine resonances, and intermedidt@cto) mesons. Since the cor-
structure constand, this approximation is reasonable. The responding Lagrangians have already been given in[Bgf.
consequence is that the calculation of the hadronic reactionge only present a short summary of the electromagnetic part
decouples from the electromagnetic ones and can be exf the interaction, which is added to the hadronic part speci-
tracted independently. Hence the full partial-wave decomf{ied in PMI[6]. Thes-, u-, andt-channel Born contributions

Y

Ty =Ky i T Ky 4

A. Electromagnetic part of the potential

posedK-matrix equation and the Kroll-Rudermann term are generated by
L=—eUg(p)| |y, A+ o, FH" 9 Y5y, A" [ug(p) —ieee* (99— ¢™)) pAr
® ” 2my #” Mg+ Mg >h B mooom
g‘P " ’ y2
—e———Ug/(P") ¥sy,Us(P)A*, (5)
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with the asymptotic baryonB,B’=(N,A,Y), the pseudo- In an effective Lagrangian model, the question of gauge
scalar mesonsg, ¢') = (m,K) andF*"=g*A"— 9"A*. invariance can be addressed on a fundamental level. Since
For the intermediatet{channel mesons, which are sum- the above resonance and intermediate meson electromagnetic
marized in Table I, the additional Lagrangian decay vertices fulfill gauge invariance by construction
(I' ,k*=0, wherek,, is the photon momentumthese verti-
_ KK, ces and the corresponding hadronic vertices can be indepen-
L==igk,| 7K1+ 5——0,,K1" | ysus(p) dently multiplied by form factors. However, it is well known
N that the inclusion of hadronic form factors in the Born dia-
g Ok Ky grams of photoproduction reactions leads to problems, be-

K

VWV’P“goJreWKFMK‘l‘” (6) cause only the sum of all charge contributions of the Born

K diagrams contributing to one specific reaction is gauge in-
variant. Form factors at the hadronic vertices of these dia-
grams lead to putting2-dependent weights on the different
" diagrams; thus the sum becomes misbalanced and gauge in-
variance is violated. In order to restore gauge invariance, one
needs to construct additional current contributions beyond
the usual Feynman diagrarteontact diagramso cancel the
gauge violating terms. As pointed out by Haberz¢®?]

" am, Cureo
¢

is taken.V#” and K" are defined in analogy t6#". Note
that the second term in E¢G) summarizes all processes as
e.g., o—ym and w/np—vyy. The meson and baryon cou-
pling constants entering Eq&) and (6) are summarized in
Appendix A.

The radiative decay of the spiresonances is described

by (also see the detailed discussion in R&l) the effect of the
1 additional current contributions is to replace the hadronic
LiNy=— eﬂ@( _ ) o, UNFAY, (7)  form factors multiplying the charge contributions of the Born
2 amy "\ —iys) H diagrams in pion photoproduction by a common form factor

IA:(s,u,t). In the present model we follow Davidson and
Workman[23], who proposed a crossing symmetric shape
_ iys\[ g 9 for this form factorF(s,u,t), which ensures that the addi-
L3Ny~ uge( )( 1 vy i—zzﬁﬁl) UnFo,. (8 tional current contributions are pole-free:
N

and for the spin resonances by

1/\2my Y
F(s,u,t)=F4(s)+F1(u)+F3(t) —F(s)Fy(u)
In Egs.(7) and (8), the upper(lower) factor corresponds to
positive-(negative} parity resonances. Note that in the spin- —F1(s)F3(t) =Fy(u)Fa(t) + F1(s)F1(u)Fs(t).
3 case, both couplings are in addition contracted by an off- (12
shell projecto® ,,(a)=g,,—ay,v,, whereais related to
the commonly used off-shell parameteby a=(z+3) (see  This form can also be applied easily pand » photopro-
PMI [6] for more details duction by setting=5(t)=0 and toKA photoproduction by
The calculation of the amplitudes, the extraction of elec-setting F,(u)=0, since the corresponding Born diagrams
tromagnetic multipoles from partial waves, the isospin de-are absent. Furthermore, no form factors are used at the elec-
composition, and the calculation of observables are given itromagnetic vertices of the Born diagrams, see Réfsand

Appendixes A, B, C, D, and E, respectively. [19]. Note that Feuster and Mosgb] used the Haberzettl
suggestion for the common form factor multiplying the
B. Form factors and gauge invariance charge contributions of the Born diagrams,
To account for the internal structure of the mesons and F(s,u,t)=a,F(S)+asF,(u)+asFs(t). (12)

baryons, as in Refd4,5], the following form factors are

introduced at the vertices: with a;=a,=az=1%.

A4
Fp(qz,mz) (9) IIl. EXPERIMENTAL DATABASE

- A4+(q2—m2)2,
In this section, the implemented experimental photopro-

411042 m2)2 duction database is presented, especially in view of changes
A"+ z(qr—m°) ;
Fu(g%,m?)= T L oo (100  and extensions as compared to R&fl. A summary of all
A"+ 9=z (g7 +m9)] references and more details on data base weighing and error

treatment are given in Ref19].

Hereg? denotes the value af? at the kinematical threshold yN—aN: For pion photoproduction we have imple-
of the corresponding, u, or t channel. As in Ref[4], the  mented the continuously updated single-energy multipole
form factor F,, is applied to alls- and u-channel baryon analysis of the Virginia Polytechnic Institut@/Pl) group
resonance vertices and to all hadrosi@ndu-channel Born  [24], which greatly simplifies the analysis of experimental
vertices. Only in thet-channel diagrams have calculations data within the coupled-channel formalism. For those ener-
been performed using eithét, or F, at the meson-baryon- gies, where the single-energy solutions have not been avail-
baryon vertex; see Sec. IV. able, the gaps have been filled with the energy-dependent

055212-3



G. PENNER AND U. MOSEL PHYSICAL REVIEW (6, 055212 (2002

solution of the VPI group. Since the latter data are modepion-induced data points are included in the fitting strategy,
dependent, they enter the fitting procedure only with enwhich are binned into 96 energy intervals; for each angle
larged error bars. differential observable we allow for up to 10—-15 data points
yN—27N: As discussed in PM[6], for simplicity we  per energy bin.
continue to parametrize themd final state by an effective
!N state, wherel is an isovector scalar meson with mass
m,=2m_. A consequence is that théN state is only al-
lowed to couple to baryon resonances, since only in this case The details of the calculations to extract the resonance
the decay of the resonance infdl can be interpreted as the couplings and masses by comparison with experimental data
total (cN+ 7A+pN+---) 27N width. As it turns out in  are discussed in PMI6]. Here we only shortly review the
the pion-induced calculations, a qualitative description of theproperties of the global calculations, where the photoproduc-
7N— 27N partial waves extracted by Manle} al.[25] up  tion data are also considered for the determination of the
to J=3 is possible. The same agreement as in the pionparameters. For these calculations, we have extended the
induced 27N production, however, cannot be expected infour best hadronic fits C-pr= and C-tar*. Here the first
the 2N photoproduction reaction. It has been shol@rg., letter C denotes that the conventional spiouplings with
Refs.[26—-28) that the yN— 27N reactions require strong spin+ off-shell contributions are usetsee PMI[6]); the
background contributions from, e.gn, contact interactions, next letter “p” or “t” denotes whether the form factoF
which can only be included in the present model by the[Eq.(9)] or F, [Eq.(10)] is used in the-channel diagramsy
introduction of separate72N final states. Furthermore, there stands for using only pion-induced data, and the last letter
is no partial-wave decomposition of this reaction as the onelenotes thea priori unknown sign of the coupling,,, -
by Manleyet al. for #N— 27N [25], which is the only way  Note that this coupling gives rise to the importaathannel
for comparing our{N production with experiment. There- p exchange inmN— wN. Correspondingly, the four global
fore, theyN— 27N reaction is calculated in the model and calculations are labeled Cp= and C-ty=.
included in the rescattering summation, but not compared to Similar to Feuster and Mosgb], our first attempt for the
experimental data; also see Sec. IV G. inclusion of the photoproduction data in the calculation has
yN—yN: In addition to the data used in Rdf5], the  been to keep all hadronic parameters fixed to their values
differential cross sections and beam-polarization data of Rebbtained in the fit to the pion-induced reactions. In contrast
[29] are implemented. Since the spin-resonances to the findings of Ref[5], no satisfactory description of the
D,5(1675) andF,5(1680) are known to have large photon photoproduction reactions has been achieved with these had-
couplings[30], it is certain, that for higher energies their ronic parameters. As a consequence of the smaller data base
contributions will be important. Therefore, we continue toused in Ref.[5] at most three photoproduction reactions
compare Compton scattering only up to a maximum energyyN— yN,yN— 7N, yN— #N) had to be fitted simulta-

IV. RESULTS ON PHOTON-INDUCED REACTIONS

of 1.6 GeV. neously. Above 1.6 GeV, no data were availablesppho-
yN— 7N: We have added the differential and total crosstoproduction.
sections, beam- and target-polarizations from Ref]. All The extended model space and data base now constrains

of the published cross section data concentrate almost exclall production mechanisms more strongly, especially for en-
sively on the energy region below 1.7 GeV. Only recently,ergies above 1.7 GeV, where precise photoproduction data on
the CLAS collaboratioi32] also accessed the energy regionall reactions(besides Compton scatteringre used. Due to
above 1.7 GeV. Therefore, the preliminary CLAS data, morehe lack of precise data in the high energy region for pion-
than 100 data points of which are directly included in theinduced N and wN production, these production mecha-
fitting procedure, are also important to obtain a handle on th@isms have not been correctly decomposed in the purely had-
higher energy region of; photoproduction and are conse- ronic calculations, thus leading to contradictions in the
quently included. photoproduction reactions when the hadronic parameters are
yN—KA: The recent cross section and polarization  kept fixed. Moreover, as pointed out in PNB], the Born
measurements of the SAPHIR Collaborat[@3] have been couplings in the associated strangeness production only play
added. a minor role in the pion-induced reactions while, as a result
yN—KZX,: For this reaction, experimental data on crossof the gauging procedure, these contributions are enhanced
sections and th& polarization foryp—K*3%K®s* are in photoproduction thus allowing for a more reliable deter-
included|[34]. mination of the corresponding couplings. Consequently, the
vyN— wN: For this reaction, only the cross section mea-KA/3 photoproduction also turns out to be hardly describ-
surements of the ABBHHM Collaboratiof35] and of able when the hadronic parameters are kept fixed. Only when
Crouchet al.[36] are published up to now. Using only these also these parameters are allowed to vary a simultaneous
data, even in combination with the pion-induced data, it isdescription of all pion- and photon-induced reactions is pos-
difficult to extract thewN couplings reliably. Thus, in addi- sible.
tion we have also considered the very precise preliminary The resultingy? values for the calculations C-p= are
differential cross section data of the SAPHIR Collaborationpresented in Table II; for the results of the calculations
[37], more than 140 data points of which are directly in- C-t-y= see below. Note, that, in contrast to the previous
cluded in the fitting procedure. analysis[5], in the present calculation we have included all
Altogether, more than 4400 photoproductigrius 2400 experimental data up to the upper end of the energy range, in
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TABLE II. Resulting)(2 of the various fits. For comparison, we pling constant is now also of great importancecinphoto-
have also applied the preferred parameter set SM95-pt-3 of ®ef. production. Thereby, the validity of the form factors is tested
to our extended and modified data base for energies up to 1.9 Ge¥ a wide kinematical region, since, in our model, many of
thet-channel meson couplings contribute to several reactions
Fit Total ™ Xi,  Xrar Xay Xan Xaz  Xre and also as final state couplings. Table | abovg We con-
C-py+ 3.78 423 758 308 362 297 155 Clude t_hatFp is a_pplicable to a much Wider_ kinematic region
Copy— 417 409 852 304 387 394 3.73 (especially to hlgh.er epergD%han F:. This comes about
SM95-pt-3 609 526 1835 296 433 — — because of the quite differegf-dependent behavior of the

two form factorsF, andF; below the pole mass and in the

Fit TotaP X2, X2, X, Xon X X o low |t|=|g? reg|on To find satisfactory results with the
C-p-y+ 6.57 530 1050 245 395 274 6.25 form factorF, in the present model, it would be necessary to
C-p-y— 6.66 515 1054 237 2.85 2.27 6.40 lift the restriction of using only one cutoff valu&; for all
SM95-pt-3 2440 16.45 4207 8.01 464 — — t-channel diagrams.

In the following sections, the photoproduction results of
#This value includes all pion- and photon-induced data points. the two global calculations C-p-+ and C-py— are dis-
cussed in detail.
particular also for all partial-wave and multipole data up to
J=3. At first sight it seems that the tota? is only fair;
however, one has to note that the main part of this value
stems from the pion-photoproduction multipo[@¢l], which A simultaneous description of Compton scattering to-
have very small error bars but also scatter gdfitFigs. 3-5  gether with the inelastic channels is essential because this
in Sec. IV B below. Note, that in this channel, there are 40% process is dominated by the electromagnetic coupling and
of all data points. Taking this channel out, the totdlper  may thus impose more stringent requirements on those. As a
data point is reduced from 6.56 to 3.87 for the preferredconsequence of the data from Rgf9] we have doubled the
global fit. Thus a very good simultaneous description of allCompton scattering data base from 266 to 538 data points as
reactions is possible, which shows that the measured data febmpared to Ref[5]. This means that the description of
all reactions are compatible with each other, concerning th€ompton scattering becomes more difficult, resulting in
partial-wave decomposition and unitarity effects. As a guidedarger y? values than in Ref(5]. However, as Fig. 1 shows,
line for the quality of the present calculation, we have alsoour calculations are able to describe the differential cross
included a comparison with the preferred parameter sefection in the considered energy region up t&
SM95-pt-3 of Ref[5] applied to our extended and modified =1.6 GeV. Only in the intermediate energy region between
data base. It is interesting to note that although this comparit 3 and 1.5 GeV are there indications of contributions miss-
son has only taken into account data up to 1.9 GeV for theng in the present model. These missing contributions are due
final statesyN, wN, 27N, 7N, andKA, the present best to the lack of 27N rescattering contributions, since in the
global calculation C-py+ results in a better description in present model only resonantrX photoproduction mecha-
almost all channels; only forrN— 7N the x of Ref.[5]is  nisms are included; see Sec. IIl. This leads to the lack of
slightly better. This is a consequence of the fact that, folhackground contributions in the low energy two-pion photo-
example, for the understanding d€A production, the production; also see the discussion in Sec. IV G below.
coupled-channel effects due to the final st&$ and N The same discrepancy in this energy region can also be
have to be included. This is discussed in Sec. IV D below. observed in the 90° region of the beam polarizatisee Fig.
Moreover, while in Ref[4] similar results were found 2) which is well described for energies below 1.3 and above
using either one of the form factorS, and F for the  1.45 GeV and also other angles. For comparison, we also
t-channel meson exchanges, and in R&f.only F; was ap-  display the results on the beam polarization of the dispersion
plied, the extended data base and model space shows a cleagoretical analysis of L'voet al.[38]. In the model of Ref.
preference of using the form factér, for all vertices, i.e., [38], analyticity constraints are taken into account by satu-
also for thet-channel meson exchange. We have also tried teating s-channel dispersion relations with use of the VPI
perform global fitting calculations using, in the t-channel  pion-photoproduction multipole analysis and resonance pho-
exchange processes (G¢t:), but have not found any satis- tocouplings. In addition, two-pion photoproduction back-
factory parameter set for a global description in this caseground contributions are also taken into account. These au-
Even when the fitting procedure has been reduced to the fivlhors’ description of the beam asymmetry is rather close to
most important final states#N, 7N, 27N, 7N, and our description, with the exception of the above mentioned
oN—we have found fory/ 7N— 7N x?'s of only ~5 and  energy region and theN threshold region. This asserts the
for yN—wN (7N—woN) x?s of ~30 (=7), while pion findings of Pearce and JenninfR9], that, due to the ex-
production and Compton scattering have been only slightlyracted soft form factor, the off-shell rescattering contribu-
worse as compared to Cp£. The much worse description tions of the intermediate two-particle propagator in the scat-
usingF; in the global fits can be explained by the fact that,tering equation, which are neglected in tH&matrix
for the photon-induced reactions, tNeNw coupling now not  approximation, have to be damped by a very soft form factor
only appears as a final state coupling, but also contributes im 77N elastic scattering, also see PMI|. Thus the effects of
the production ofrN and »N. Conversely therNN cou- the off-shell rescattering part only become visible very close

A. Compton scattering
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to thesN threshold, in line with the above comparison of the B. Pion photoproduction

present model with the di_spersion theoretic_al f_;lnalysis of pion photoproduction is most precisely measured of all
L'vov etal. [38]. The cusp in the beam polarization at the the channels considered in the present work. This has also
7N threshold is due to th@T= multipole amplitudgcf. Eq.  |ed to the development of a large amount of models on this
(C4)], which has also been found by Kondratyuk and Scholteaction(see references in Rdf5]), most of them concen-
ten[40]. trating on the low-energyP33(1232)] region. The Mainz
As expected, the two global fits C-p= lead to practi- MAID isobar model of Drechsedt al. [41] covers a similar
cally identical results since Compton scattering is only con-energy region as the present analysis. In MAID, the Born and
sidered up to 1.6 GeV, which is still far below thaN thresh-  vector meson background contributions wétenatrix uni-
old. The dominant contributions stem from the nucleon, fromtarized with the help of the VPirN— 7N partial waves
the P33(1232) resonance, and from tBg4(1520), while the [42]. Instead of using a form factor for theNN vertex, a
P11(1440) andS;,(1535) only make small contributions. pseudovectofPV)-pseudoscalafPS mixture scheme is in-
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troduced to regularize the nucleon contributions at higher As a consequence of the precise experimental data, the
energies. Since the resonance contributions are generated pipn-photoproduction channel is of great importance in our
unitarized Breit-Wigner descriptions, the resonances do naiata base and contains about 40% of all data points, many of
create additional background bychannel diagrams. The ad- Which have very small error bars. Thus this channel strongly
vantage of this procedure is that the inclusion of spireso-  influences the photon and pion couplings and also the masses
nances is straightforward and, consequentlyfthg1680) is  of the resonances. For example, the masses @{&¢535),

also taken into account. The free parameferg., the vector  S31(1620), P3,(1750), andD33(1700) are influenced by the
meson couplingsare adjusted to the VPI multipold@4],  pion-photoproduction multipoles; see Figs. 3—5 and PaJl

and a very good description is achieved. As a consequence &ithough the resultingy? seems to be rather high-(10),

the Breit-Wigner description and the restriction on pion pho-Figs. 3-5 reveal, that the properties of almost all multipoles
toproduction, the extracted electromagnetic helicity ampli-up to J=3 are well described in the present model.

tudes of the resonances are very close to the Particle Data The largest contributions to the toted stem from the real
Group(PDG) values[30], while in our analysis all resonance parts of theE}, , E5_, Mi”f and Eg’,z multipoles. In the
contributions are also constrained by Compton scatterindatter three cases, this is a consequence of the fact, that
nN, KA/Z, andwN photoproduction data. around the resonanced5(1520), P33(1232), and
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Re(A) [mfm]

Im(A) [mfm]

FIG. 3. yYN— N proton[see Eq(D3) in Ap-
pendix D 4 multipoles. Line code as in Fig. 1.
Data are from the VP[24] single-energy Q)
and energy-dependenx() solution.

Re(A) [mfm]

Im(A) [mfm]

D35(1700) the multipoles are known with very high accu- gies above 1.8 GeV. Since these data are model dependent,
racy, and thus even very small deviations in the calculatiorithey only enter with enlarged error bars in the present calcu-
lead to a largey?. For theD;4(1520) multipolesE5™™ and  lation, and the high-energy tails of the neutron multipoles are
M5_, but also for theD33(1700) multipole E%’f, in the  not well fixed. This explains the pronounced resonant struc-
imaginary parts we observe the same problem of the increagure in the imaginary part of thej, andM?, multipoles,

ing behavior below the resonance position as in the correnot observed in the VPI multipole dafa4].

spondingmN partial wavegsee PMI[6]), which is probably As can be seen in Figs. 3-5, the differences between the
due to deficiencies in the present model concerning thid 2  two global calculations C-p~+ and C-py— can be mainly

final state description. In the case of t&&, multipole the found in theJ”=3" proton and neutron multipoles above
deviation is due to the lack of some background contributionthe N threshold. This is a consequence of the fact that these
which might be related to the problem in the description ofmultipoles give important contributions to theN produc-

the wN— 7N P,; partial wave described in PM6] duetoa  tion mechanisnisee Sec. IV F below and also the results on
missing (37N) inelastic channel. It is interesting to note that TN— N in PMI [6]) and are thus very sensitive to the
the discrepancy between the calculation and the VPI datghange of sign of thé-channel background contribution in
points in theE?, multipole starts around 1.6 GeV, which is N— @N.

the same energy, where the prob]ems in ng wN— 7N Apart from theE?+ mUltipOle discussed above, we find
wave arise, and also where a sudden increase in the totdidications for missing background only in thd;_ and
cross section ofyp—p7* 7 7wnat 7wt m was observed M3? multipoles, while in all other multipoles the back-
in experiment$35,43. For the neutron multipoles, there are ground contributions seem to be in line with the RH]

only data of the energy-dependent solution available at enemnalysis. Since the background is mainly generated by the
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FIG. 4. yN— =N neutron[see Eq.(D3) in
Appendix D J multipoles. Line code as in Fig. 1,
data as in Fig. 3.
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Born terms, the multipoles strongly influence the nucleonphotoproduction data. As an example, we show the effect of
cutoff value Ay. In Fig. 6 we show the sensitivity of the switching to the Haberzettl gauging proced{iEg. (12)] in
ES., M1, , andM}? multipoles to the cutoff value\y,  the imaginary part of thé3? multipole in Fig. 6. Similar
which is used in therNN form factor. As we have pointed observations are also made in other multipoles. This is also
out in PMI[6], the S;; andPy; #N— 7N partial waves are related to the largg? improvement of the present calcula-
more poorly described once the pion-photoproduction data ifon as compared to Ref5], where the Haberzettl gauging
included. This effect can be traced back to the necessity gfrocedure has been used. The largest differences as com-
lreducingAthe \éagéegj\\y_: 1-hl6 ?eg/ |0f tre lhqdronLiJc 'CalCLI*J]- pared to Feuster and Mosid] can be observed in the real
ation to Ay=0. eV in the global calculation. Using the _1 : i N
latter valug the background c%ntributions in the mulﬁlpoleqrilart of thel =3 Eo. multipoles; see, e.9F,, in Fig. 6.

' ote that it was already speculated in Hé&fl. that modifying

are in line with the VPI analysig24], while with the former the gauging procedure might improve the description in
value the incorrect background description leads to IargeI){hese multipoles

increasedy? values. The price one has to pay for the im- . . " o
provemen)gin the mentiongd multipoles is thgd)éterioration in In the Mglf multipole, in addition to the missing back- )
the low-energyS,; andP,;, 7N elastic partial waves leading gro_und_ mentioned _above, also a too small resonance contri-
also to an increase of the,,(1440) mass and width. Since bgtlon is _extracted in the presen_t model. Howe_ver, this con-
the Born terms are very sensitive to the gauging procedurdtibution is also strongly constrained by the sgireff-shell

the resulting good description of most of the backgroundcontributions of theD33(1700) to theE3? and M3 multi-
features also indicates that the Davidson-Workman gaugingoles. Since these multipoles are more precisely known than
procedure [Eg. (11)] is supported by the pion- theMg’f multipole, the fitting procedure is dominated by the
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FIG. 5. yN—aN I=3 multipoles. Line code

as in Fig. 1, data as in Fig. 3.

FIG. 6. Examples for the influence of the
nucleon cutoff value Ay on the pion-
photoproduction multipoles: neutrogp, (left),
neutron M7, (middle), and I=3 M3? (right).
C-p-y+ with Ayn=0.96 GeV: solid line;
C-p-y+ with Ay=1.16 GeV: dash-dotted line.
For EJ. , also the calculation of Ref5] is dis-
played (dotted ling. For the imaginary part of
Mf’f, the calculation C-py+ using the Hab-
erzettl gauging procedure is also showdash-
double-dotted ling



VECTOR MESON PRODUCTION AND ... .II..

FIG. 7. yp— np. Data as given in Sec. lll. Left: Reduced cross section. Line code as in Fig. 1. Right: Partial-wave decomposition of the

PHYSICAL REVIEW C 66,

055212 (2002

1.50

1.85

1.60

1.85

Vs [GeV]

1.6

total cross section]”=3": dashed:*: dotted;3*; dash dotted2~: dash-double dotted.

do/dQ [ub/sr]

1.5 .
1.491 GeV 1.496 GeV l' %.IT%T 1$ h
ﬁﬁ A
1.0 gtttk 11 ]
SPIPINFINR s £ S R f |
PP N 0| l
(O S A e T
1.501 GeV

1.523 GeV 1.533 GeV 1.544 GeV 1.556 GeV
0.0
1.603 GeV]
= i
05 i
1.564 GeV ] 1.574 GeV 1.586 GeV
0.0
1.615 GeV 1.643 GeV 1.675 GeV 1.702 GeV
1.0
. e 3 3 8
N M :
1.730 GeV 1.757 GeV 1.783 GeV 1.809 GeV
1.0
0.5
m
0.0
1.835 GeV 1.885 GeV 1.910 GeV
1.0
0.5
T T TN
0.0
1.935 GeV 1.959 GeV 1.982 GeV| 2006 GeV]
1.0
0.5
L
s TN e N T S
0101 0 05 00 05 10 -05 00 05 10 -05 00 05 10 -05 00 05 1

cos O
c.m.

055212-11

.0

FIG. 8. yp— np differential cross section.
Line code as in Fig. 1. Data are as given in Sec.
lll. The data from Ref[32] are not shown.



G. PENNER AND U. MOSEL PHYSICAL REVIEW (6, 055212 (2002

1.0

1as Gevl | 1505Gevl | 1522Gevl | 1.537 GeV
0.5}
0.0} I Y g ¢ ) ﬁ-,\§i -3
g S} Ty Y @ T T
.0_5_
-1.0
1.555 GeV 1.578 GeV 1.600 GeV 1.630 GeV
0.5} 1 L
3 3 ¢ 3
= o0 6—ﬁ-—~§ 82 g g 2 1 % S -
-0.5}
-1.0 + ; + ; ' R
1.673 GeV 1.719 GeV 1.868 GeV 1.937 GeV
0.5} 1 L
0.0fckx 4.3
""""" T FIG. 9. yp— np target- (upper panel and

050 1 [ e beam-(lower panel polarization measurements.
Line code as in Fig. 1. Data are as given in Sec.
-1.0 1.

1.0 -05 0.0 05 1.0 0.5 0.0 0.5 1.0 0.5 0.0 0.5 1.0 -05 0.0 0.5 1.0
1.0 : : : : : :
1.510 GeV 1.541GeV 1.579 GeV 1.621 GeV
0.5} [ i
4 g >
0.0 ¥
-0.5}
W -1.0
; I I :
E g SO /' .
0.5} g b e}
B 7
0.0 =
-0.5¢ ™
1.855 GeV 1692 GeV | 1.868GeV ] ™" {937 GeV
AQhe OO e R
1.0 -05 0.0 0.5 1.0 0.5 0.0 05 1.0 0.5 0.0 05 1.0 -05 0.0 05 1.0
cos ¥
c.m.

background contributions of th®33(1700) in the spiny  tion is correctly described, although the inclusion of the pion
multipoles, resulting in photon couplings which deterioratephotoproductiorE, multipole data requires a reduction of
the MS’_Z description. the S;1(1535) mass from=1.544 to~1.526 GeV; also see
PMI [6]. Note that our calculations do not follow the in-
crease of the GRAAL total cross sectip81] around 1.7
GeV, which is not observed in the estimated total cross sec-
Several investigations,44,43 showed, that theyN pho-  tion from the CLAS collaboratiofi32] either.
toproduction is dominated by &' =3~ production mecha- In the first coupled-channel model on photon- and pion-
nism, in particular at threshold. While we find in the pion- induced N production up toys=1.75 GeV by Sauermann
induced reaction still important ™ and 3* cross-section et al. [45], it has been found that an important production
contributions, only a small contribution of tH&;,(1710) is  mechanism is due to the vector mespnandw) exchanges.
visible in the photon-induced reaction, and the contribu-  In line with these authors’ findings, it also turns out in the
tion is by far dominant up to 2 GeV, see Fig. 7. Here we havepresent model that these exchanges give important contribu-
also displayed the so-called reduced cross section, whictions in all partial waves and the neglect would lead to total
takes out effects caused by phase space and is given Ryoss sections below the experimental data already at 1.55
Ored= VOootk/ (47K") (cf. Appendix B, and allows for more  GeV. Note that in the present calculation the forward peaking
conclusive investigations close to threshold. As can beehavior of the differential cross section at higher energies is
clearly seen in Fig. 7, the production mechanism is wellless pronounced as compared to R6}.(see Fig. 8 which
under control in the present model down to the very threshis in line with the preliminary CLA932] and the older ex-
old. Thus the energy dependence of tid total cross sec- perimental dat§46)].

C. » photoproduction
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FIG. 10. yp—K™A total cross section. Data are as given in Sec. lll. Left: Line code as in Fig. 1. Right: Partial-wave decomposition.
Notation as in Fig. 7. In addition, the contribution of higher partial wauks g) is indicated by the short-dashed line.

The resulting decomposition of theN photoproduction surements at energies above 1.7 GeV #df photoproduc-
describes the differential cross sections and polarizatiotion would be a great tool to study the properties of this
measurements very well in the complete considered energynissing” resonance and also the necessity for the inclusion
region; see Figs. 8 and 9. As pointed out in Sec. Il prior toof a spin2 resonance in more detail.
the differential cross section measurements of the CLAS For the target polarization, we find small values in the
Collaboration[32], there were hardly any measurementscomplete energy region; see Fig. 9. Only in the lowest en-
taken above 1.7 GeV. Consequently, the preliminary CLASggy pins, the experimental data seem to indicate a nodal
data give strong constraints on the reaction mechanism in thgycure. Tiatoret al. [48] showed that this behavior can
upper energy region, which would otherwise be mainly deqy he explained by a strong energy dependence of the rela-
termined by the pion-inducegiN data being of poor quality tive phase between th,,(1535) andD,(1520) contribu-

at hlghgr Energies, see PIV8]. ) . tions, which is not found in the present calculation. For the
Itis interesting to note that we f"]d a coFsu]jerany Smallerregion above 1.6 GeV, our calculations change from positive
D45(1520)»N width than, e.g., Batiniet al. [47]. However, - ' iy
. ) . o to negative values, which seems not to be supported by the
since theD 15(1520) basically gives the only contribution to galiive vaues, wh upp y

the low-energy behavior of the beam polarizatBi5], our Mainz data[31] at backward angles. It turns out that the
) e target polarization is dominated in our calculation by the
value of around 20 KeV(as compared to 140 KeVis get b y

P11(1710) resonance properties, and, hence, more experi-
strongly corroborated by the measurements of the GRAALmental data on the target polarization at higher energies

collaboration31], since these data are very well described inyould also help to clarify whether this resonance plays such

the complete measured region; see Fig. 9. Note also thg(. - - ; .
Tiator et al. [48] deduced from the GRAAL beam asymme- %t?egﬁto;?;tysrge in7N- photoproduction as found in the

try data aD43(1520) »N branching ratio of 0.8%z 0.1%,
which is about half of our value. This is related to the fact,
that in these authors’ analysis, the P[D&B] electromagnetic
helicity amplitudes have been used, which are larger than the The decomposition of th& A photoproduction channel
ones deduced from our analysis; see Table VII below. In Refturns out to be very similar to the pion-induced reaction. In
[48] it was also shown that the forward-backward asymmetrycontrast to Feuster and Modél], where theS,;;(1650) and

of the beam polarizatiod between 1.65 and 1.7 Geldee the P;4(1710) dominated this reaction, in the present calcu-
Fig. 9 can only be explained by contributions with spin lation the former one turns out to be important only very
=2. Since in the present model de=3 resonances are in- close to threshold, while the latter one hardly gives any size-
cluded, the asymmetric behavior is generated by the vectable contribution at all; see Fig. 10. At low energies, the
meson exchanges. Since the GRAAL data cannot be conPR;5(1720) @°=327) resonance is dominating, causing a
pletely described at 1.69 GeV, this might be an indicationresonant structure around 1.7 GeV. At higher energies, the
that spin3 resonances indeed play a role #iiN photopro-  P;5(1900) still makes important contributions due to rescat-
duction. At higher energies\6>1.8 GeV), an opposite be- tering in spite of its smalkK A width. The strong; ~ contri-
havior of the beam asymmetry for our two calculations atbution very close to threshold, which is caused by the
backward angles is observed. Since there are no data poinfS,;(1650), is strongly influenced by theN threshold lead-
only the behavior at forward angles is fixed. The differenceing to a sudden increase in the total cross section. Note, that
in the two calculations can be explained by the oppositaghe finite width of thew meson of 8 MeV, which is not taken
photon helicity amplitudes of thB,5(1950) (see Table VII  into account in the present model, smears out this threshold
in Sec. IV | below and the differentyN strength(5.4% for  effect. A similar observation of the feeding KfA (and also
C-p-y+ and 8.6% C-py—). Thus beam-asymmetry mea- K2, see Sec. IV E belowphotoproduction through thresh-

D. KA photoproduction
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FIG. 11. yp—K* A differential cross sectiofupper pangland A -recoil polarization(lower panel. Line code as in Fig. 1. Data are as
given in Sec. lll.

old effects has also been made in the coupled-channel modehused by the interference of the nucleon &ridcontribu-
of Lutz et al.[49]. As a consequence of the inclusion of the tions. Switching these two contributions off leads tG &
K* andK; meson exchanges, we also find important contri-wave, which is practically zero for energies higher than the
butions to the total cross section by partial waves with P,,(1710) peak. This is in contrast to the findings of the
=3, cf. Fig. 10. single-channel model of Mart and Bennholb], where the

A striking difference to the pion-inducedA production  peaking behavior in the SAPHIR total cross secfi88| was
mechanism is observed in thg" wave, which exhibits a explained by the sam®5(1950) resonance, which was
structure resonating around 1.9 GeV, where a second peakfisund by Feuster and Mosg4,5] around 1.9 GeV. This ex-
also visible in the SAPHIR total cross section d@&8].  ample emphasizes the importance of coupled-channel analy-
However, there is nd; resonance included in the present ses for the correct identification of missing resonances. Al-
model around this energy. It turns out that ¢he behavior is  though theD ;5(1950) is included in the present calculation,
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_ TABLE 1il. Resulti.ng X.Z of the two global fits for the two  pest global (C-py+) fit (also see Table V in Sec. IVH
different charge reactions ipp—KZX. below). Thus, in contrast to other models &M photopro-
duction, the resulting agreement of the present calculation

. 2 2 _LK*SO 2 KOS+ ; R : . . .

Fit Totalyhs  X(yp—K'E)  X(yp—KED) with experimental data is neither achieved with a very low
C-p-y+ 2.74 2.81 2.38 NKA coupling far off SU3) predictions, nor with a very soft
C-p-y— 2.27 2.28 2.17 nucleon form factor; see Table VI in Sec. IV H. Note that the

same cutoff value\ y=0.96 GeV is used in all nucleost
andu-channel diagrams.
in the simultaneous analysis of all channels it turns out to be
of negligible importance foK A photoproduction. Similar E. KX photoproduction
results were already found by Janssral. [50]. Using a ) ) o )
field-theoretic model, these authors deduced that the present AS it turns out in the present model, it is also possible to
K A-photoproduction data alone are insufficient to identifySimultaneously describe both measungei—KZ= charge re-
the exact properties of a missing resonance in a singleactions(see Table Il and Fig. 22 while still being in line
channel analysis oA photoproduction. Moreover, these With all three pion-induce&. charge channelsee Table II
properties also depend on the background contributiongaind PMI [6]). Similarly to KA photoproduction, theK
Since in the present model the background is uniformly genmechanism also proves to be very sensitive to rescattering
erated for the various reaction channels, and pion- anéffects viaoN. ThelJP=33" K3 wave is fed by theoN
photon-induced data are analyzed simultaneously, the exchannel, leading to a sudden increase in Ke3° and
tracted background and resonance contributions are mo#€°.* total cross sections. As pointed out in Sec. IV D, such
strongly constrained than in R¢fL5], and more reliable con- an effect has also been observed in the coupled-channel
clusions can be drawn. model of Lutzet al.[49]. Note that the finite width of the
The recoil polarizationsee Fig. 11 is equally well de- meson of 8 MeV, which is not taken into account in the
scribed in the two global calculations Cep+ and  present model, smears out this threshold effect.
C-p-y—, although the difference in thg,,, sign leads to The total cross section ofp— K *3° is dominantly com-
changes in th@-wave resonance couplings. However, sinceposed ofJ°=3" and 3* contributions, where the latter is
the differential cross section displayed in Fig. 11Pisvave  generated by th®,;,(1750) andK* exchange contributions.
dominated, slight changes in the forward peaking and back¥he higher partial waves, especially those with 2, hardly
ward decrease can be seen in this observable. This differeptay any role. In theyp— K% " reaction, the situation is
behavior is the reason for the bettet value of C-py— as  changed in such a way that the contribution of Fhe(1710)
compared to C-ps+, and again shows th&A production  becomes more pronounced, and #fie= 2* contribution due
reacts very sensitively on rescattering effects dueta to the P35(1920) and in particular td,5(1900) is empha-
As a consequence of the inclusion of the photoproductiorsized. TheJ”= 2~ and higher partial-wave contributions re-
data, theNKA coupling is only reduced from-18.8 to  main negligible. A similar decomposition of th&>,- photo-
—12.2 from the best hadronic (C+p+; see PMI[6]) to the  production mechanism was found by Jansseal.[51]. By
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FIG. 15. yp— wp total cross section. Data are frath [53], X [35], andd [36]. The data from Ref.37] are not shown. Left: Line code
as in Fig. 1. Right: Partial-wave decomposition. Notation as in Fig. 10.

applying a tree-level isobar model, these authors were able toisms in this channel, which is due to the fact that basically
exclude any relevance of tHe,; wave and to identify im- all models are only single-channel analyses. Hence rescatter-
portant contributions from th®,,(1710) andS;;(1650) as ing effects and the impact of the drawn conclusions on other
in our model. AlsoP,3, S;;, and Pg; contributions have channels are neglected. While Titov and L&2] recently
been identified; however, those have been attributed to thund important contributions of the sub-threshold
P15(1720), $5,(1900), andP;,(1910) resonances instead of D,,(1520) andF,5(1680) resonances, Gt al.[9] extracted
P13(1900), $34(1620), andP3;(1750) in the present model. dominant contributions from &,5(1900) and aD;5(1960)
Note, that we have checked for the importanc&g{1900)  resonance. Furthermore, in the model of ZWd@] the
and P34(1910) contributions W|th|n.the present mpc(ebe P,4(1720) andF,5(1680) were shown to give dominant con-
PMI [6]), but have not found any sizable contrlbutlgnso. tributions, but the low lyingS;;(1535) andD,5(1520) were
The differential cross section behavior 9p—K"X" o5 important. All models agree, however, on the impor-
shown in Fig. 13, is very similar for the wo global calcula- tance of ther® exchange, which has already been considered
e e o S ooy ] 01 of e frSt moces on photopoduction by Frnar
9 Y Weind Soyeuf7]. The higher partial-wave contributions of the
and show a tendency to decrease at forward angles for0h|gh(7aTro mechanism also dominate the cross section behavior
energies, which is caused by th& exchange. In the N . i :
recoil polarization of yp—K*2° the two calculations aboveJ§~;.82 GeV in the present. quel, see Fig. 15. The
clear dominating threshold contribution stems from the

C-p-y+ and C-py— show behaviors opposite in sign for . ) S
energies above 1.9 GeV. This difference can be traced bal R11(1710), just as in the pion-induced cagee PMI [6)).
e importance of the other resonances, however, is reduced,

to the differentP,,(1440), P11(1710), andD,5(1950) con- P_ 3+ L
tributions in the two calculations. Thus more precise experi—gnd( 1%%%)ﬂr1eer;]1a;1 Znon??lgtr:??gl(;ns of theP,5(1720) and
mental data in the higher-energy region on ¥fepolariza- 13 glgio’e.

. O .
tion would certainly help to clarify the exact decomposition. evc-arr??ng(r)éncl)nb?/?gl?soifrwt?:; d?;g?;ﬂ?a? 2:5;212?& ﬁegggﬁf
We also observe a very similar behavior of the two calcu- : . . : ’ 9-
16. However, in particular in the middle- and backward-

lations for the yp—K°S " (see Fig. 14 differential cross . S . .

section an® * polarization. Unfortunately, the few SAPHIR ?ngle re'("[:]l’llotr;] the' resona;]nce contrlbutlocr;stdes:rugtwelybmtt(re]r-
. ; T .. fering wi e pion exchange are mandatory to describe the

data pointg34] are not precise enough to judge the qualltyprecise preliminary SAPHIR daf&7], which cover the com-

of the description. plete angular rangéb6]. When these resonance contributions

As a result of the inclusion of the photoproduction data, . i
o are neglected, the total cross section behavior is strongly
the NK2, coupling is reduced from 15.4 to 2.5 from the best . :
altered and the calculation largely overestimates the total

hadronic (C-psr+) to the best global (C-p~t+) fit. As cross section: see Fig. 17.

pointed out in Sec. IV H and PMI6], the pion-induced re- The upper limit of the partial-wave decompositidp
i i i - ax
actions are only slightly influenced by the exatk2. cou turns out to be essential for the photoproduction channel

pling value and are thus still well described in the globalbecause of the importance of the bseudoscafaexchanae
calculation. The final value for thd K> coupling is close to P P 11 ge.

Co Performing the decomposition only up th,,,=% as in
SU(3) expectations; see Sec. IV H. Refs. [4,5], the full upward bending behavior at forward

angles is not reproduced. This is displayed in Fig. 17. We

have checked fod,,,x providing good convergence in the
The literature onv photoproduction does not offer a clear angular structure and found a satisfying behavior Jpky

picture of the importance of individual resonance mecha= %, which is consequently used in the partial-wave decom-

F. @ photoproduction
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FIG. 17. yp— wp. Data as in Fig. 15. Left: total cross section. Solid line: full calculation §€+p- Dash-dotted line: C-p~+ with
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T ] TABLE IV. Contributions(in ub) of the individual final states
s00 [ _ to the GDH sum rule up ta/s=2 GeV on the proton target. First
1 line: Calculation C-py+; second line: C-py—.
o] ]
400 | 7 aN 27N 7N KA K3 oN
T a0k g ] -1575  -212 492 +11  +16  +0.8
= = —162.7 —20.7 +8.6 +0.9 +1.8 +0.1
© 200 5 NS —177 — 45 +1% 417 428 20
- AN ;
Nl N o oy aReferencd 62].
100k Ny . bReferencd63].
T e T ] ‘Referencd 13].
e VT TS In the dispersion theoretical analysis of Compton scatter-
Vs [GeV] ing by L'vov et al. [38], exactly this part of the total photo-

absorption cross section has been determined. By subtracting
FIG. 18. Total photoabsorption cross section on the praton  from the experimental total photoabsorption cross section
—X. Calculation C-py+: solid line; C-py—: dashed line; cross o), = (oot oo2) on the protor[58,59 the single-pion
sectionA o of Ref. [38] (see the tejt dotted line; sum of calcula- photoproduction cross section, determined via the VPI mul-
tion C-p-y+ and Ao: dash-dotted line;yp—27N of C-p-y+:  tipoles, and their ZN cross section simulated via nucleon
dash-double-dotted lingsee the teyt Data are fromx [59] andO  resonances, they extracted a remaining cross settiogsup-
[58]. posed to be due to the aforementioned background interac-
tions. Ignoring interference effectsee Ref[38]), one can
position for the present calculation. The necessity of the conltSt @ddA o to our total photoabsorption cross section. The
sideration of higher partial waves when pseudoscalar exr_esultlng sum 1S rema(kably close to the experimental photo-
. . ) bsorption cross sectidb8,59 up to about 1.6 Ge\(see
change mechanisms are included was also pointed Oy g anove which important contributions of spjreeso-
recently by Davidson and Workmafb7]. These authors npances can be expected, which are so far missing in our
demonstrated striking differences in the forward peaking beanalysis. Thus it seems that the resonance contributions to
havior for a pion-photoproduction calculation at 1.66 GeVthe 27N photoproduction, displayed in Fig. 18 by the dash-
using the VPI multipoles only up th,=5 (< Jna=%) Or  double-dotted line, are rather well described within the
additionally taking into account the full angular structure of present model. This provides an additional cross check that
the Born terms, in particular the pion-Bremsstrahlung contri-at least up to 1.6 GeV all important channels are correctly
bution. described in our model. Above 1.6 GeV the data of the
Although the inclusion of the precise SAPHIR photopro-ABBHHM Collaboration on 3rN photoproductior{35] in-
duction data[37] allows for a better disentangling of the dicates that this channel contributes30-40ub 0 oy,
importance of different resonances, the various resonand@séégﬁgi nlg*t?];f”"r‘gi‘t'ggoirse gfu?htewpl)\lrésent model. we can
gﬁll'c[g)]/) .?.8”32:?; ttr?;) Eitﬁ?ﬁ?igzt ?ﬁef:)éeg gghufge;tr?;r:é/’ezefirneve(theless give estimates on the contributions of the vari-
) A ’ ; ous final states to the Gerasimov-Drell-Hed®DH) sum
data on polarization observables®N photoproduction, as,

| q : ' rule [60] (also see Ref[61] and references therginwhich
e.g., currently extracted at GRAAL. For comparison, we give,jio\s one to relate the static property of the anomalous

our results on the beam asymmeRlyin Fig. 16. Note that  5gnetic moment of the nucleon to the photoabsorption

the preliminary GRAAL datgS5] have not yet been included ¢ross section difference2.— 032, via dispersion relations.

in the fit. The contributions of the individual reactions on the proton
_ target up to\s=2 GeV are given in Table IV. As is clear
G. Photoabsorption on the nucleon from the above discussion, our estimates 4 and 27N
In the present model, we have included all important in-deviate from the rather well known values for reasons well

elastic7N channels below/s=2 GeV, and hence, we can understood. For all other final stategN, KA, KX, and

also compare the resulting total photoabsorption cross se@N) our model is compared to all available experimental
12 312 observables and thus allows for reasonable estimates of the

tion o)y =3 (ota+ o32) on the proton with experimental I < .

data[58,59. As can be seen from Fig. 18 our model is in line contributions to the GDH sum rule. It is interesting to note

with experiment all through tha (1232) region, but we can- (see Table 1Y that our values for the contributions fronN,
KA, KX, and in particularoN deviate from the values of

not describe the total photoabsorption cross sectigp, ; S
above the ZrN threshold. This is not unexpected: the pho- Refs.[13,62,63, all of which have been extracted in single-
channel analyses.

toproduction of 2rN cannot be described within our model
as well as the pion-induceds production, since in the
photon-induced reaction, e.goN or wA contact (Kroll-
Rudermann likginteractions are also known to be important  The values of all Born and background couplings of our
[26-2§. two global fits and the extracted cutoff valudésare summa-

H. Born and background couplings
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TABLE V. Nucleon andt-channel couplings. First line: C-p+; second line: C-py—.

g Value g Value g Value g Value

INNa 12.85 OnNe Domrar 11.46 InNp 4.53 KNNp 1.47
12.75 12.57 4.40 1.41

gNN?] 010 gNNBO _3530 gNNw 394 KNNw _094
0.12 —2291 3.87 0.17

gNAK —-12.20 gNAKg 26.27 gNAK* —27.61 KNAK* —-0.50

—12.88 1.16 —28.29 —0.55

INSK 2.48 gNZKS —26.15 ONSK* 4.33 KNS K* —0.86

1.56 —27.22 3.88 —0.98

gNAKl —19.20 KNAK, —-1.83 gNEKl 22.80 KNSK, 2.40
—24.35 —1.99 23.29 2.06

rized in Tables V and VI. Since these values were already
discussed in PM[6], we only outline the main properties.

When realizing that the values gf .y are lower than the TABLE VII. Electromagnetic helicity amplitudes (in
values extracted by other groups, for example the value of0-3 Gev*?) of I=3% resonances considered in the calculation.
g.nn=13.13 from the VPI group42], one has to keep in First line: C-py+/C-p-y—; second line: PDE30]; third line:
mind that the present calculation considers a large energiyeuster and Mos¢b]; fourth line: Arndtet al.[65]. In brackets, the
region using only onerNN coupling constant, and that the estimated errors are given. “NF”": not found. “NG”: not given.
7NN coupling is especially influenced by thehannel pion  “NC": not considered(energy range ended at 1.9 GeV
exchange mechanism abN photoproduction. Remember

that only one cutoff value\,=0.7 GeV (see Table VI is  Laizs Al Al A%, A3
used for qllt—channel diagrams. As'a resultlof gauge invari-g (1535 00/93  —24/—34 .
ance, the importance of the Born diagrams is enhanced in the 90(30)  —46(29) .
photoproduction reactions and, consequently, the other Born 106 63 .
couplings can also be more reliably extracted in the global NG o

calculations thap when just the pion-induced data is con5|déll(1650) 49/47  —11/-13 B
ered. As found in previous analysgg5,45 the NN cou- 5316 _15(21
pling turns out to be very small and the precise value thus 316) (21) -

hardly influences thg? of the »N production. TheK A and 45 —26 o
KZ, couplings turn out to be larger than extracted in other 74) —28(4) _
calculations. Thus the resulting relations between the Borff11(1440)  —87/-81 121/112 -
couplings for the pseudoscalar mesons of our best global fit —64(4) 40(10) —
are actually close to S@) relations withagp=F/(F+D) —84 47 —
€[0.25;0.4] (see, e.g., Ref[64]), which is around the —67(2) 47(5) —
value ofarp~0.35 predicted by the Cabibbo-theory of weak P11(1710) 44/28  —24/41 —
interactions and the Goldberger-Treiman relatiéd]. Fur- 9(22)  —2(14) —
thermore, thewNN coupling constants are also larger than 19 —-19 —
extracted in other calculations, which is only possible since NG —
rescattering effects are properly taken into account in thé5(1720) —53/-65 —4/3 27/34 3/2
present model. Note, that our value for the nucleon cutoff 18(30) 1(15) —19(20) —29(61)
An=0.96 GeV(see Table Vlis the same for all final states. 23 2 75 —-17
NG
TABLE VI. Cutoff values for the form factors. First line: C-p- P;5(1900) —17/-18 —16/-21 31/8 —2/—28
v+; second line: C-py—. The upper index or y denotes whether
the value is applied to a hadronic or electromagnetic vertex, while NC
tlhe Io_w?r one denot;as thg garticle going off-shell, iN.nucleon; D,4(1520) —3/1 —84/—74 151/153 —159/— 161
3. spin5 resonancej: spin5 resonancet: t-channel meson. —24(9)  —59(9) 1665  —139(11)
Av A, AL, AL, AL Al 9 g o e
—24(2) —67(4) 1332)  —112(3)
(Gev) (©ev) (Gey) (©Gev) (Gev) (Gev) D15(1950) 121 2315 —10/~22 —9/22
0.96 4.00 1.69 0.97 4.30 0.70
0.96 4.30 1.59 0.96 4.30 0.70 5 47 41 —55
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TABLE VIII. Electromagnetic helicity amplitudes dfz% resonances. Notation as in Table VII.

LZI,ZS A 12 A3/2 LZI,ZS A 12 A3/2
S5,(1620) —50/—53 — P45(1232) —128/—129 —247/—248
27(11) — —135(6) —255(8)
—4 — -126 —-233
—13(3) — —129(1) —243(1)
P,,(1750) 53/30 — P5(1600) 0/0 —24/—-24
—23(20) —9(21)
NC — —-26 -52
D 55(1700) 96/96 154/153 P5(1920) ~7/-9 —1/-2
104(15) 85(22) 40(14) 23(17)
75 98 NC
89(10) 92(7)

The only t-channel meson which exclusively contributes tion multipoles M3_) the data situation is not very good,
to photoproduction reactions in the present model, iskhe and above 1.8 GeV only the energy-dependent (28] so-
meson. Although the couplings are almost identical in bothution (see Secs. Ill and IV Bis available, hindering a reli-
calculations, we find that it only plays a minor role K\ aple extraction of the neutron helicity amplitudes of the cor-
andKZ2, photoproduction; far more important are the contri- responding resonancéalso see below This problem can
butions fromK* exchangealso see Secs. IVD and IJE iy be overcome, once data for more final states are avail-

able on the deuteron target.
. Resonance electromagnetic helicity amplitudes In the following, the helicity amplitudes of the resonances

In Tables VII, VIII, and IX the extracted electromagnetic are discussed in detail. A guideline for their uncertainty
properties of the resonances are summarized in comparisaithin the present model is given by the variation between
with the values of the PD@E30], Feuster and Mos¢b], and  the two calculations; cf. Tables VII and VIII.
the pion photoproduction analysis of Arnet al. [65]. One m
has to note that in the present model the helicity amplitudes 1. Isospin; resonances

of the resonances are not only determined by one specific S;1: In contrast to Arndet al. [65] the properties and in

_realct(;or:j alr:)ne, bL(‘jt by a simu_ltaner(])us ci)nsliderr—_lltiondof _a%varticular the helicity amplitudes of th®;,(1535) can be
Included photoproduction reaction channels, largely reducingq|| fived in the present calculation, which is a result of the

the freedom of the choice of these values. This in paLrt'(:ljl‘fjlfnclusion of then-photoproduction data. The extracted lower
holds true for the proton helicity amplitudes. For the neutron\/al e for AP, as compared to Feuster and Mogsl is
these values can be determined only from pion photoproduc- u 172 P u !

tion data on the deuteron; such data for other final states al%aused by the different gauging procedure and the fact that a

very scarce. Moreover, in some neutron pion photoproduc'—ower mass is extracted in the present calculation. T_he dif-
ferences in the neutron value, however, can be explained by

TABLE IX. Electromagnetic oftshell parametess, of spin the improved data base underlying the pion-photoproduction

resonances. First line: C-p+; second line: C-py—; third line: nel_thrr]onhmlgl_ttipoles; ls_,ee Ff'q[h:s 1650) is also infl d
SM95-pt-3 of Ref[5]. “NC”: not considered(energy range ended e helicity coupling o 11( ) s also influence

at 1.9 GeV. by KA photoproduction in our analysis, but the extracted
value agrees well with the PD@30] value. However, the

Ly s a,, a, Ly s a,, a, most recent VPI photqproduction single-energy ana_lysis pre-
- - sented in Ref[65] indicates that the structure of this reso-
P3(1720)  —1.324 0266 | P3(1232) 0471 0932 pance is enlarged as compared to the anal4$ used in
0.148 0429 0538 0809  the present calculation, which leads to the larger values
—0.352 1.586 0233 —0.158 found by Arndtet al.
P3(1900)  —3.599 0488 | P33(1600) —2.006  2.650 Pi1: The P14(1440) values are extremely sensitive to the
2.893 0.149 —3.281 3.000  damping of the nucleon contributions and consequently the
NC 3282 —3979  gauging procedure. This leads to large differences in the neu-
D15(1520) 0.075 —0.571 | P33(1920) 4.000 —0.579  tron amplitude as compared to Feuster and Mosel, the PDG,
0.002 —0.873 4.000 —2.123 and Arndtet al. However, the error bars in the neutron mul-
0.235 0.025 NC tipole allow for a large range of resonance contributi(see
D 5(1950) 0035  1.101 | D5 (1700) —3.999 —1580  Fig. 4). As a consequence of the largg,(1440) mass and
—2.114 —3.944 —3993 —1666 Width (see Sec. IV B and PMI6]) the resonant behavior of
—0671 —1822 0962 —0362 the MY_ pion photoproduction multipole between 1.25 and

1.4 GeV cannot be completely described; see Fig. 3. The
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P11(1440) proton helicity amplitude is mostly constrained by Feuster and Mosdl5] also found a smaller helicity value,
the small error bars in the real part o} _ between 1.4 and which, however, can be explained by the fact that, in the
1.5 GeV. A different helicity amplitude would largely dete- older multipole analysis used in R€/], this resonance’s
riorate the overall description of this multipole. Summariz-peak was less pronounced.
ing, as a consequence of the lagg(1440) width neces- P41: As a consequence of the large error bars inNHE?
sary in the present model, tig ;(1440) helicity amplitudes multipole, the photon coupling of thB3,(1750) differs in
cannot be reliably fixed. Possible reasons for this problenthe two global calculations. However, the extracted values
are the lack of analyticity in the present model leading todescribe the tendency in the data correctly and are also in
shortcomings close to the7N threshold, and the missing line with the influence of theP;,(1750) onKZY, photopro-
background contributions in therN photoproduction(see  duction.
Secs. I, IVA, and IV G. P33 Although Compton scattering is simultaneously ana-

Similarly to Arndtet al,, the electromagnetic properties of lyzed in the present model, our helicity coupling nicely
the secondP,; cannot be completely fixed in the presentagrees with the recent analysis of Arrdtal, corroborating
calculation. While in the proton case, tRg,(1710) photon the compatibility of the Compton and pion-photoproduction
coupling is roughly identical for both global calculations, the experimental data. The ratio of electric and magnetic transi-
lack of precise neutron target pion-photoproduction data edion strength for thed [P33(1232)] resonance is of special
pecially above 1.8 Ge\kee Fig. 4does not allow one to pin interest, because it vanishes for a zero quadrupole deforma-
down theP,(1710) neutron coupling. tion of this excited nucleon state. Combining E¢S2) and

P,3: Since bothP,5 resonances considered in the presentA9) and using the normalization entering EG.3), we find
calculation not only give important contributions to pion
photoproduction, but also €A andw photoproduction, the L A A Ma
resulting proton couplings are rather well determined, al- A1—A3/3 917 % 5m,
though the structure in thE}, pion photoproduction multi- — =
pole cannot be completely describ@ge Sec. IV B This is
in contrast to Arndtet al. [65], where the values of the
P15(1720) are not given. Note that our coupling signs for the
P.5(1720) are opposite to the PDG values, but in line with

the ones of Arndt, Strakovsky, and Workm466]: A%,
=—15(15) andA§,=7(10) (in brackets, the estimated er- 2.5+0.5% and the one of Tiatoet al. [67] —2.5+0.1
rors are givejp The newly includedP,5(1900) also influ- DN 32 . . e e
ences theP,5(1720) properties, thus explaining the differ- even though thés mgltlpole IS very sensitive to rescatter-
ences in the couplings of the latter to Feuster and Mdgel ing [5]. For the two'h|gher .Iyln.gP33 resonances, we find
As pointed out in Sec. IV B, the lack of neutron data for thes_m_aII electromagnetlc ggntrlbutlst?zrlS_resultmg in hardly any
pion-photoproduction multipoles above 1.8 GeV leaves the/'SIPIe structure in théiys andE; | pion multipoles. How-

P,4(1900) neutron photon couplings essentially undeter€Ver, since these resonances also influétEephotoproduc-

mined. tion, both global calculations result in basically identical val-
Dy3: As shown in Ref[5], the D,5(1520) photon cou- Y€S: _ _ _
plings are extremely sensitive to Compton scattering. There- D33 AS pointed out in Sec. IVB, we observe problems in
fore and due to the enlarged Compton data base, the diffef® description of theV;~ multipole due to the lack of a
ences to the values of Arndit al. [65] and Feuster and background contribution in this multipole and the helicity
Mosel[5] can be understood. Furthermore, as pointed out iRMplitudes are difficult to extract. Moreover, sirk& pho-
Sec. IV B, theD,4(1520) neutron photon couplings are also toproduction also proves to be sensitive to fhgy(1700)
influenced by the lack of precisd)  multipole data, thus helicity amplitudes, ouAg, values differ from those of the
fixing the D;5(1520) neutron photon couplings partially by other references. Note that in R¢g] similar observations
its influences on thd= % multipoles. TheD,4(1950) photon =~ Were also made and the extractig}, strength ranged from
couplings always result in small values, since neither in pion(98 to 172.
photoproduction nor in the other photoproduction channels
such a resonant structure is found. However, more polariza-
tion measurements on the nonpion photoproduction data The electromagnetic off-shell parameteas (see Sec.
would allow for a closer determination of the electromag-|1 A) turn out to be mostly well fixed in the two global cal-

Ré/M: A AT .
AL+ \/§A§ A3mA+mN_ A Ma
2 ? T me—my 922my

(13

Our value of —2.6% (—2.5%) of calculation C-py+
(C-p-y—) is also identical with the PDG30] value of

3. Electromagnetic off-shell parameters

netic properties of this resonance. culations; see Table IX. Exceptions are the values of the
. Pi3resonances, which can, however, be explained by the fact
2. Isospin; resonances that the corresponding couplings, are very small and thus

S;;: Similarly to thelJ= 33 channels, thES’f multipole  the off-shell parameters are very sensitive to any changes. In
is also very sensitive to background contributions. Thus, althe D,3(1950) case, the differences between the two calcu-
though in our calculation and in the analysis of Aredtal.  lations are related to the fact that the helicity amplitudes can
[65] the resonance peak of ti8g; (1620 is nicely described, also not be well fixed, see Table VII. Since the off-shell
the extracted helicity amplitude differs by a factor of 4. parameters determine the background contributions inJthe
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=3 waves, it is also quite clear that these parameters are vetyackground is fixed by only a few parameters, it is well
sensitive to the gauging procedure, which has already beeatescribed in most multipoles, thus giving confidence in the
found by Feuster and Mosgb]. This explains, why even in applied Davidson-Workman gauging proced[i&g. (11)].
the case of thé335(1232) resonance, our values differ from  |n the KA, K°S*, and wN channels we find a strong
those extracted in Ref5], where the Haberzettl gauging need for contributions of ®,4(1900) resonance between 1.9
procedure[Eq. (12)] was used instead of the Davidson- and 2 GeV, similar to the pion-induced reactions. The inclu-
Workman proceduréll) (note that the values of Re5] for  sjon of this resonane also leads to changes in the properties
the hadronic off-shell parameters are mostly similar to oursys the P,4(1720) as compared to previous analyses. In par-
see PMI[6]). ticular, we find that the role of th®,5(1720) is largely en-
hanced inKA photoproduction. However, for a clear disen-
V. SUMMARY AND OUTLOOK tanglement of the resonant contributions in the energy region

. ve 1.7 GeV mor larization m i i
The presented model provides a tool for nucleon resolebo N GeV more polarization measurements in particular

nance analysis below energies =2 GeV. Unitarity ef- on oN and 7N are needed to completely determine the

fects are correctly taken into account, since all importantp 13(1900) anq also th®,(1950) resonance propertles.
final states, i.e.7N, 2N, 7N, KA, K3, andwN are in- The associated strangeness photoproduction channels

cluded. Since the driving potential is built up by the use ofP'OVe t0 be very sensitive to theN threshold and interfer-
effective Lagrangians for Bornt,channel, spirg, and spin-  €Nce effects. This leads to the explanation of a resonancelike

3 resonance contributions, the background contributions argtructure in theK A total cross section by an interference of
also generated consistently and the number of parametersfs’ and nucleon contributions, instead of a resonance. The
greatly reduced. The dependence on different description@N production is mostly dominated by the® exchange
for the spin$ resonance vertices has been investigated fomechanism, but large interference effects due to the imple-
the pion-induced reactions and similar results have beefiented resonances are necessary to find a satisfactory de-
found. scription of the preliminary SAPHIR daf{&7]. The pseudo-
The simultaneous consideration of thi final state guar- Scalar nature of ther® exchange mechanism requires the
antees access to a much larger and more precise data baglusion of partial waves up tdma=7% in the PWD. The
allowing for strong tests on all resonance contributions. Ithreshold behavior of this reaction is mostly explained by a
has turned out that the inclusion of photoproduction data i$2rge P11(1710) contribution, in contrast to all other models
inevitable to extract the resonance masses and widths refn N photoproduction.
ably. A side effect is that within such a model the consistency The good description of all photoproduction channels en-
of the experimental data for the various reactions can pables us to evaluate the GDH sum rule contributions of the
checked, and no discrepancies are found. various final states. We find small values for the contribu-
A simultaneous description of all pion and photon-tions of N, KA, KX, andwN, which are remarkably dif-
induced reactions on these final states is possible with onf@rent from those extracted in single-channel analyses.
parameter set. Although we have largely extended our data Deficiencies of the present model concerning theN2
base on pion photoproduction and Compton scattering, botAroduction are visible in Compton scattering, where a back-
channels(and 7N photoproduction are still well described ground contribution in the energy region between the
in the energy region below/s=1.6 GeV. The extracted P33(1232) andD;5(1520) resonance is missing. We have
e|ectromagnetic properties of tf@3(1232) resonance per- nevertheless shown that the resonance contributionsrié 2
fect|y agree with other ana|y5es_ In generaL the agreeme[mhotoprOdUCtion are well under control in the present model.
with the previous analysis of Feuster and Mogdlis quite ~ Moreover, similar towN elastic scattering, there are also
good. The main differences are found for resonances in thogevidences of the influence of an3l final state in theJ”
partial waves, where additional higher lying states have beeff 3~ multipole Ef, . As a consequence of the lack of spin-
added, and in the electromagnetic off-shell parameten§ 3 resonances, the analysis of Compton scattering is restricted
the spin$ resonances, which is a consequence of the differto energies below/s=1.6 GeV. Since all data opN, KA,
ent applied gauging procedures. K2, and wN are well described without such resonances,
No global fit has been possible when the form fadtpr they seem to be of minor importance in these reactions. This
(10) is used for the-channel exchange diagrams. Even whenpoint is being investigated further at pres¢®8].
using F,, a readjustment of the parameters obtained from Using the generalization of the partial-wave decomposi-
purely hadronic reactions is necessary, since, especially ition presented here for the inclusion of th&\ final state a
the yN andwN channels, the resonance contributions cannomore realistic description of the72N final state in terms of
be well fixed using the pion-induced data alone. In additionpN and A is now possible. The inclusion of these final
in the associated strangeness channels the Born couplingtates allows one to mimic the three particle phase space
have to be readjusted, since the corresponding contributionshile still dealing with two-body unitarity. Accounting for
are largely enhanced as a consequence of the gauging pro¢ke spectral function of the meson and th& baryon would
dure. The resulting Born couplings of the global parametethen allow for the complete description ofrX production
set are close to S3) predictions. The background in pion within the present model.
photoproduction is very sensitive on nucleon contribution, While for larger energies threshold effects due to unitarity
and in particular on the gauging procedure. Although thisare of main importance, at lower energies considerable ef-
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fects are known to be caused by analyticity. This has beeand J. Barth for making the preliminary SAPHIR data®n
demonstrated by the comparison of the present analysis witphotoproduction[37] available to us. One of the authors
models also taking analyticity into account. Therefore, alsdG.P) is grateful to C. Bennhold for the hospitality at the

work along analytic extensions of thematrix ansatz, e.g.,
in the direction proposed by Kondratyuk and Scholié@],
should be pursued.
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APPENDIX A: LAGRANGIANS, COUPLINGS,
AND HELICITY AMPLITUDES

1. Background

The Born contributions are generated by

— “ K 9, .~ *
=_ (D' [ wv| gy ¢ " — * (99 _ A(e™) ,u
L=—eug (p')||ey.A 2mNU“VF mB+mBr757“A ug(p)—ieep* (d7—3, ') pA
9o — B
—€ uB’(p )YSVMUB(p)Ar (Al)

with the asymptotic baryonB,B’=(N,A,Y), the pseudo-
scalar mesonsd, ¢') = (7,K), andF#"= g*A”— g"A*. Ac-

Note that an isospin averaged value for thg, coupling is
used; see Refl9]. The ratio between the radiative decay of

counting correctly for the masses entering the hyperorthe charged and the neutril;(1270) meson has not yet

anomalous magnetic moments, tkevalues that enter the

Lagrangian above can be extracted from the HB@ values

for the magnetic moments:
ky=—0.613,

Kso_x,=1.610, (A2)

ks +=1671, ks =—0.374.

For the intermediatet{channel mesons the additional
Lagrangian

. Ky y
L=—igy, ?’,LKlf"‘z_mNUWK’f YsUg(P)

L9 e g g oY
4m,, HTPT ¢ 2mg

KF K" (A3)

is taken.V*” andK4" are defined in analogy t6#". Using
the values for the decay widths from Ref80] and [69]
[T'(K9(1270)-K®y)=73 keV], the following couplings
are extracted:
9,7,=0.105, g,,,= —0.805,
9uny=0.313, g,,,=—0.291,
gK*+K+7: _0414, gK*oKoyz 0631,

Ok;k+y=0.217, gk9o,=0.217,

9.,,=0.037, g,,,=0.142. (A4)

been measured; for simplicity, we UGR K+ y= IK KOy - For

the relative sign between the charged and the neldfal
coupling, we follow the quark model prediction of Singer
and Miller [70].

A remark on thep and w radiative decays intgyy is in
order. Unfortunately, the decay widths are known only with
large uncertainties; the values above represent the estimated
mean given in Ref[30]. Taking into account the given er-
rors, the ranges for these couplings are

|€[0.636,0.930, |g,,,,| €[0.268,0.313

g
pnYy (A5)

Due to the uncertainties, these couplings are also allowed to
vary within the given ranges during the fitting procedure.
However, in all calculations, larger values for both couplings
are preferred and consequently, these couplings are set to
d,,y=—0.930 andg,,,,= —0.313. Note that all other me-
son decay constants are also kept fixed to the values given in
Eq. (A4).

2. Resonances

The radiative decay of the spinresonances is described
by
9. —( 1
LiNy=—e (

—— v
4mN Ug _|75) O-/U/UNF ’ (A6)

and for the sping resonances by
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o1 9 The calculation of the amplitudes’'=(f|V|i) which en-
R),v+i4—zaﬁ,) unF,,. (A7)  ter Eq.(B2) are extracted from the Feynman diagrams via

Vi =u(p’ A T (s,u)u(p,\e)
In both cases, the uppeflower) factor corresponds to
positive-(negative} parity resonances. Note that, in the spin- 4ays t o
3 case, both couplings are also contracted by an off-shell B mx"s' (S’U)X”B'
projector® ,,(a)=g,,—ay,y,, wherea is related to the
commonly used off-shell parameteby a=(z+ 3) (see PMI
[6] for more details _

In analogy to thewN helicity amplitudes(see PMI[6]) The calculation of the spin-dependent amplitudds, is

the electromagnetic helicity amplitudes, which are normaligentical in this case to the reactiond{N— VN (see also
ized by an additional factor @,)~*?[71], are extracted:  p [6]): Replacing the Dirac operatdt—T ¢ the gen-

(B3)

1. Photoproduction of (pseudg scalar mesons

Ay
eral form ofI', is
N SR ’ ’
A; =\/?(UR,)\R=%|FM|U,)\=%)A” I (su)=0-(Ap,+Ayp,+(Byp,+Byp,)k+Cy,
Y
+Dky,), (B4)
_ £ VMz—my :
- eQZmN J2my (A8)  with @= iys for pseudoscalar an@ =1, for scalar outgoing
N mesons. Applying gauge invariance consideratiofigk(*
- =0), I' , can be recasted into the usual form of pseudoscalar
for spin resonances, and meson electroproductiofi9]. For example for real photons
(k*=k?=0), the relation to the standard set of four gauge
N eén /—mﬁ—mﬁ My E invariant amplitudegsee, e.g., Ref5])
2 4mN ‘/3mN Mg 4mN . 4
Vn=U(|0’,S’)JZl AM;u(p,s),
WN eér VMg— My my=+ Mg )
As =t — —F——| 01t —— (A9)  with
2 4mN Vmy 4mN
M 1= — | '}’Sék,
for spin< resonances. Her&r denotes the phase at the
RN vertex. The lower indices correspond to t _h_eli(zi- M,=2iys(s-pk-p'—¢-p'k-p),
ties and are determined by theand nucleon helicitiess: (B5)
A,~\y=1-3=3 and3: 1+;=3. Note the differences of M3=iys(4k-p—Ke-p)
Eqg. (A9) to the formulas given in Ref5], which are due to '
the different §ign choice for the, coupling in Eq.(A7) for My=iys(dk-p’' —Ks-p'),
negative parity resonances.
is given by
APPENDIX B: CALCULATION OF AMPLITUDES
. Ay A
The scattering amplitudé*;',x(ﬁ) and theK matrix am- A=D, A,=- ﬁ:ﬁ
pIitudelC;',A(ﬁ), which enter the partial-wave decomposed
Bethe-Salpeter equatiqd), are defined by As=—B,, A;=-B,. (B6)
_ /b0 Marm F of Eq. (B3) is constructed in analogy to the virtual photon
7h, =~ PPTTR yy, (B  case4d]
(4m)?\s
F=io-eF+ oK o (kxe)F+io-ke k' Fy

i (B2) +io-k'e k' F4—ie®(o k' Fo+ o-kFg),  (BY)

A m(f“(li),

with £ =(&°,¢). Obviously,F5 and.F only contribute for
Ay

where K=V in the K-matrix Born approximation, andf| longitudinal polarizations. Thig has to be replaced for sca-
and|i) denote the final and initial two-particle momentum lar meson production bf— —io- k' F. The decompositions
states, respectively; see PI]. in Egs.(B4) and (B7) are related via
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1
F1=—=VRLR(C—S_D), (B8)
s
]:2: D),
’7T
fgz R’iR_ p/+S+Bp/),
S
k!
Fa=——=JRLR (A, +S_B,)
s
Fe 1~ ——JRLR_(S,C+
m
5 k, 4 877mM\/— + M
Fe 1~ ———JR.R,(S_.C—
- — m
6 K F3— 87TmM\/_ + mD

with
Fi=e-p'Fit+e-pF(Ay—A,,By—By),

kf

g-pP= eopﬂ My

1
s- pfzagpLZFM(EB/k+ k'EpCOS?).

Using Eq.(B6), the F; to F, of Eq. (B8) reduce to the well
known photoproduction casef. Eq. (B9) in Ref.[5]; also
see remark72)).

In the c.m. system thg&; are related to the helicity depen-

dent amplitudes vi@73].

O
smﬂ cos—( Fa—Fu),

VmBmB' V2

1 3=3)p 1.3
V+§—§ +V—2+2

O
smz‘} sm—( Fat+Fy),

\/mB B’ \/—

411'\/— v
= \/_\/—cosi

+Sin2§(f3_f4)},

~F+Fs

(B9)

PHYSICAL REVIEW (6, 055212 (2002

TABLE X. Relation between the partial-wave multipolc"z"ﬁ7+
and the CGLN multipoles in pion electroproductidp.denotes the
pion angular momentunj,, the total photon spin] andP the total
spin_and parity of the amplitudesp=kk'j,(j,+1), B

=VkK'(j,+1), andg’=kk'j, .
PW CGLN mult. J P |
7. +aM; . i3 —(—-1)i» i,
Ty —aM; _ iy-3  —(=1 iy
T}Ey+ —aEj jy—i-% (—1)!» j, 1
5 - —aEj [ SEO LT P
T . ~BE, 4 btz (DYl
l-~/7 +B,EJ7+ 17_% (_1)J7 jy_l
Vii-3=F Vo343
Amys
=f—\/—sm— Fit+Fo
N
+C052 (]:34‘?4)
Vidrom TV gmf ¥ o Fo— F,
+3+0= + V507 mBmB,s COSE( 5 6)!
Vet om TV tsgmt T co0od ok
+5-0=+V_s40=1T————=€7°COS;(— /5 6)s
2 2 Vmgmg: 2

where the uppeflower) sign andf =i (f=1) hold for pseu-
doscalar(scalay meson production. Here we have used the
helicity notation introduced in Appendix A, and in addition
(for electroproduction0: A ,—A\y=0+3=3

2. Compton scattering and photoproduction of vector mesons
Replacing  the

TV
I,.(s, u)sfvs)\v,, r,

Dirac  operator I'(s,u) by
, can be rewritten by

I, (ssuy=A,,+B,k+C,y,+D Ky, +E,y,+F Ky,

+Gy,y,+Hky,y, (B10)

with

Aﬂv:Appp#pv+App’pp.pL"'Ap’pp,;pv"'Ap’p’p,;p:f

+Ay9,,, similarlyfor B,,,

C,=Cyp,+Cy/p, similarlyfor D,, (B1Y)

E,=Epp,+Epp, similarlyfor F,

which underlies six gauge constraints in photoproduction of
vector mesonsl({
tering (' , k" "=0), reducing the number of independent op-

«nK*=0) and another six in Compton scat-
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erators correctlyalso see Ref[19]). The formulas for the Our helicity states are given by
calculation of the spin dependent amplitudgsare identical
to the calculation foVN— VN (see PMI[6]). 1
|I\;+ EE(|J,+)\)in|J,—7\>), (Cy

APPENDIX C: PARTIAL WAVES

AND ELECTROMAGNETIC MULTIPOLES . . +3 1
with parity P=(—1)""2, p=nm,(—1)%"%*2, and the

The partial-wave decomposition of the photoproductionintrinsic parities ¢ ,7,) and spins $;,s,) of the two par-
reactions works completely analogously to the hadronic reticles. After some Clebsch-Gordan manipulation, one can ex-
actions, which is discussed in detail in PM]. In this ap-  tract the relations between the helicity states of @&1) and
pendix the relations between our helicity partial waves andhe usual magnetic), electric E), and scalafS) photon
the standard photoproduction multipoles are given. nucleon multipole statelsl9,74:

[N

——— (i35 5+, +203.3;%))

13=j,+LM/E)=+

\/2( +1)
|J= 2,M/E> = (VJ + |‘]!2;$>_ ij_1|‘]1%;$>)! (CZ)

r

J=j,%3.9)==3,0;%).

Here the photon angular momentdmand the total photon with the notationj,*: szyt%. Using the relations be-
spinj, are given byj, =1, for the magnetic ang,=1&l, tween the above partial-wave multipoles and the standard
for the electric and scalar states. Since the two-particle heeGLN multipoles[44,75 (cf. Table X [76] one finds, set-

1 i - 1
licity states|J,\;=) are of parityP=(—1)"*2, this also ting J=1,+3,
holds true for the corresponding nucleon photon multipole
states. With this relation, establishing the connection be- _ 1 J+ lz+2 g4
: : - M| == — | T11+ T13),
tween the photoproduction multipoles of any final state and ™ W('ﬁ 1)\ 22 l, ~ 22
the two-particle helicity amplitudes is straightforward, and
can also be easily achieved for more complicated reactions 1 N | .
such syl s RS E k)
1. Photoproduction of pions 1 3 | +2 5
Sandwiching the interaction matrik between the multi- Bu+n-=7 J2kK (1 +1) T% %* I, T%g '
pole state$Eq. (C2)] and therN parity helicity states of Eq.
(CD) (I N+ =03, +\|=(3,—\|)/V2, one finds the L I
electromagnetic partial-wave multipoles: E L =- T TJ;;_ | 127_?3)’
T / ! 7'r+ 22 ar 22
Tj“’l/f=,TN<J,)\;i|T|Jy+,M/E>
1 J-
=F (\/_Tll+\lj + 713 S(|”+1)_:_\/W(I +1)T%0’
\/2( +1) g
S 1 73
/ S R
Tj'\i_E=7TN<J,)\,+|T|Jy—,M/E) TR 41) 2O (C3)
(W/J + T; 1— \/ Tl 3) 2. Compton scattering
‘/ 22

Proceeding in the same way as in pion photoproduction,
the interaction matrixT is sandwiched between incoming
and outgoing multipole states of E(C2) to project out the
T‘ yE = (3N =Tl ,9)= +Tl desired multipole amplitudes:
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TEE o T A DT T (2T
TS LA A 337 3T agh
e 1 : 75 75 L T
7G5 B +m[(l«/+2) %%—Vly(JfrZ)( st %g)ﬂy gg],
AL N [ USRS CURRIE Sy 5 )
iyt T T2, 5370887 T g
T o TR T YT ) (C4)
(== +1) A 137739+ (AT 470 T 4 4)

where the lower index of characterizes the incoming pho- =|1,0) particle. Taking into account this isospin ambivalence
ton state and the total spin thus is always chosen td be of the photon, all photon couplings can also be split up and

=] +2 With the multipole normalization factor
[kVi(j,+1)]"! and time reversal symmetry 7,

=TW) the Compton multipole amplitudes given in Eq.

(A6) of Pfeil et al.[77] and Eq.(B16) of Ref.[5] are recov-
ered.

APPENDIX D: ISOSPIN DECOMPOSITION

the isospin operators in the Lagrangians of Appendix D are
identical to the hadronic reactions given in PN3l; also see
Ref.[19].

1. Photoproduction of (I =1@3) final states

The isospin ambivalence of the photon is introduced into
the isospin decomposition of the amplitude for photoproduc-

The isospin decomposition of photon-induced reactiongion of | =16 3 hadronic final states#N,¢{N,KX) by com-
can be realized by splitting up the photon into an isoscalabining the equations for the isospin decompositionmof

||a|z>=

|0,0) and the third component of an isovectorl ,)

1

(‘Pk;lz%|Tfy|7;|:%>:<|:%

where(¢,| refers to the outgoing asymptotic isospin-1 par-
ticle. The meaning of the upper indices is similar to the he{1,+1;3,—3

licity notation:
(i) 0: isoscalar photon coupling with the nuclettotal
isospinl ).

(||) 3: isovector photon coupling with the nucleon to total (1,—1;3,+ 3| T,/ v;3,— 3)=

=1

I=3.
This leads explicitly to the following amplitudes:

1
Tfy'

V3

<10121+2|Tfy|7-21 2> 3(2T2 +T2)_ (D2)

1
(1,0;3,—3(Tr,| 7;%,—%>:—(2T2 +T2 )+_Tfy'

V3

1
37k73T 1, T (Ska—

(i) 3: isovector photon coupling with the nucleon to total
3

—aN and 7N— N (see PMI[6]),

3 1
%TkT:‘})szay_ﬁTka'y |:%>, (D1)
|
z|Tf7|7:%,+%>=§ : )+\/_\/§Tw'
23 o1 V2,
3( fy fy) \/§ fy

The so-galled protonﬂﬁ’ry) and neutron '[";7) isospin am-
plitudes introduced in Ref.78] are commonly used ampli-
tude combinations with total isospin=% and related to the
above ones in the following ways:

1
T0,=3 (= 2@ n[Tlyp) + (= p[T|7p))

055212-28



VECTOR MESON PRODUCTION AND ... ... . PHYSICAL REVIEW C 66, 055212 (2002

1 The resulting proton'(?y) and neutron T?y) isospin ampli-
T =3 (F V2(~ p|T|yn) = (=%n|T| yn}) tudes are
—_ET% _iTO [ 1 1 .1 1 1 % 0
T3 m 3 Tfy=<0.0-z,+z|Tfy|%§,+z>=—ﬁTfﬁTw'
(D3)
2. Photoproduction of (I =0@3=3) final states 1
1 .1
For photoproduction of =0@® =% hadronic final states TH,=(0,053,—3[Tr, i3, —2)=+ ﬁTZ +Th
(7N,KA,wN) only a total isospin of = 5 is allowed and the

result is a slight extension of the isospln decomposition of

7N— 7N (cf. PMI [6]): 3. Compton scattering

1 . For Compton scattering, the incoming and outgoing pho-
(A=0;1=3|Te |yl =8)={ 1=3|TO, — —7T2 |I= tons are decomposed into their isoscalar and isovector con-
d=211lY 1 =2 2| Ty T3ty " - . "
V3 tributions. Thus the isospin decomposition now reads

1 12 2143
(vi1=3T,, %! =%>=<I=% T‘;‘;—ﬁrg(ﬂl +T0)+4T 2+3Tw2 |=%> (D4)
|
because of-2=1,. The upper indices denote the isospin of and total cross section formulas
the outgoing and incoming photons. For the case when both
photons are isovectofs!), the total isospin of the/N system _Anl 2
. _ . . s> 2 O (E3)
is the given. Experimentally, only two amplitudesyp k2 Si TP\
—yp andyn— yn) are accessible. For these cases(b4) ) ) ) ) ) )
results in are completely identical to the hadronic reactions given in

PMI [6]. s; in Eq. (EJ) is the usual spin averaging factor for
1 1 2 the initial state. Note that, while in EqE1) the sum runs
(vipI T, lyipy =TS ——=(T9+ T1°)+ T112+ T112 over all values forx and\’, in Eq. (E3) the second sum
\/§ 3 extends only over positivk and\’. The reduced cross sec-
(D5) tion in % photoproduction is

1 1 11 2 11
(YinlTy, | yin) =T+ = (T Ty +3T, 2 43T, 2
B 3 oo 11 I BITE P
red 477 k, KK’ s, 4 E )%’ ( 2)| A >\|
APPENDIX E: OBSERVABLES
2. Polarization observables
1. Cross sections ) . . .
) ) ] With the cross section intensity
The differential cross section
do (4m?1 A =% 2 T (92, (E4)
S/ E | T ()] (ED) D)
dQ k2
where the sum extends over all possible values\fand\’,
with (e.g., forA,\">0) the polarization observables are given in the following way:
1 a. Photoproduction of (pseudo) scalar mesons
Toa(9)= 7 2 G+ DA (NT T (€2

The single polarization observables are given by

(S =2ReT1 571
22 2

_|_
i

1 ;Ti 3) photon asym.,
2 2 272

2

(H)P=2Im(T1 5T 1 3—
22 2

Wy

* .
171 1) recoil asym.,
2 272
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I NT=2IM(T1 3T 11-T1 sT
22 22

Wil

NI

3 1) target asym. (E5)
-2 -2
b. Compton scattering

The single polarization observables are given by

L(N2=2R4(T3 :+T1 )*T1_3+(T3_3~ T
22 22 2

Nlb.ﬁ

3 3 1)* 73 1],
-2 -2 -2 22

NI=

w

U9 T=2Im[ (T3 3+71 )* T
22 22

1—(
2

Nlu’ﬁ

=T )Ty 3]=IL(D)P (E6)
2 272 272

Nl

for the photon and target/recoil asymmetry, respectively.

c¢. Photoproduction of vector mesons
The single polarization observables are given by

H9S=2Re+T35T3 1+T11T; 3+T3 3T31+T1 1Tia+T, 5T 14T, T 4,
22 272 22 272 272 22 272 22 03 0-3 0-303
H(NT=2Im(+T33T31~T11T13—T3 3Tz 1+T1 1T s+7T, 3T 1—T, 3T 1,
22 22 22 22 272 272 272 272 0303 0-3 0-3
L9 P=2Im(~T 33T s+T11B3-T3 o7y s+T1 1Ts 1—T o7 3+T 01T 1) (E7)
22 22 22 22 272 272 272 272 03 0-3 03 0-3

for the photon and target/recoil asymmetry, respectively. The vector meson and some double polarization observables can be
found in Appendix B of Ref[79].
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