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Abstract. A Regge model with absorptive corrections is employed inabail analysis of the world data on positive
and negative pion photoproduction for photon energies fBta 8 GeV. In this region resonance contributions are
expected to be negligible so that the available experinhémfarmation on differential cross sections and single po-
larization observables att<2 GeV? allows us to determine the non-resonant part of the reaatiogplitude reliably.
The model amplitude is then used to predict observablesHotom energies below GeV. Differences between our
predictions and data in this energy region are systembtieghmined as possible signals for the presence of excited
baryons. We find that the data available for the polarizedgrhasymmetry show promising resonance signatures at
invariant energies around 2 GeV. With regard to differdmtiass sections the analysis of negative pion photoprdatuct
data, obtained recently at JLab, indicates likewise thegmree of resonance structures around 2 GeV.

PACS. 11.55.Jy Regge formalism — 13.60.Le Meson production —Q13.6Photon and charged-lepton interactions
with hadrons —25.20.Lj Photoproduction reactions

1 Introduction only assigned many of these observed states one or two stars
and some of the doublet partners for the baryons with masses
The generation of hadron mass including the excited baryabove 2 GeV have not been observed because the spectroscopy
spectrum|[[1,2,3,4/5]6,7,8] is one of the unsolved puzzZesgf high lying baryons is a non-trivial problem. Therefore th
QCD that explicitly involves such fundamental properties &rucial question of whether the parity doubling of the highss
chiral symmetry and confinement. Historically, and on a motgiryons has systematic nature remains open.
phenomenological level, there are two different approat¢be Obviously, one can equally well ask why parity doubling
hadron mass generation. The first, beginning with the Gellas not observed for low mass baryons and what is the QCD
Mann-Levy sigma model[9] and the Nambu-Jona-Lasino mdahimetry behind this phenomenon? Only recently it was pro-
has the mass originating from the spontaneous breaking-of gfbsed([27, 23, 24. 25, £6.127]28]29, 30] that parity doulstifght
ral symmetry. An alternative approach considers mass geneflect the restoration of spontaneously broken chiral sgtryn
ation in terms of the energy accumulation in the string coaf QCD. A clear testable prediction of chiral symmetry reato
necting color charges, which results in the very succestfed tion is the existence of chiral partners of those high-lystajes
nomenology of Regge trajectories for high lying barydns, [1dith a 4-stars ratirly namely theN (2190) and N (2600). The
12/13.14,15.16.17,18]. On a more fundamental level, the ggarity partners of those established states are preseistjnmy
eration of mass in QCD is related to the anomalous breakijpgthe known baryon spectrum. Note that there are also miss-
of the scale invariance of the classical gauge theory ingerig chiral partners ofV and A baryons, rated with less than
of the trace anomaly [19,20]. This anomaly clearly shows thgree stars, in the mass region from 2.2 to 3 GeV as listed, for
hadrons made of light quarks acquire the bulk of their magsstance, in Ref[31].
from field (binding) energy. However, these speculations about chiral symmetry restora

A rough inspection of the excited baryon spectrum as givg@n in the spectrum are not the only way to explain the appar-
by the Particle Data Group [21] suggests an impressive regu-

larity for nucleon and Delta states abavé.8 GeV. The states ! The G,; baryon with mass 0f<2.19 GeV and spin/=7/2 is
with the same spin but opposite parity are almost degenerajigoted([21] with four stars and has negative parity. The has mass
At the same time, a parity doubling is not observed for the2.6 GeV, spinJ=11/2, negative parity and is quoted with three
well established low lying baryons. Unfortunately, the PB&3  stars.
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ent doubling phenomenon. It was shown in the framework afively transparent parameterization of the reaction #ogs,

a covariant constituent quark modgl[32,33], that the imstahas been fairly successful in describing hadron scatteaing
ton induced multi-fermion interaction leads to a lowerinfg chigh energies, i.e. for photon energies above 3 GeV, sayethe
selected states that accidentally become degenerateheith tfore, naturally the question arises whether the infornmetion-
parity partners[34]. tained in the Regge model can be exploited for investigation

Despite the considerable amountalV data available at at lower energies and, in particular, in the transition sego
invariant collision energies/s>2 GeV, the high-mass baryonthose energies where the analysis of pion photoproductéian d
spectrum has never been systematically explored. The kndi@$ed on meson-exchange models might be still tractabie. Th
nucleon andA resonances with masses above 2 GeV welgsue is the objective of the present work.
found already in the early single chanmeé¥ —7 N partialwave  In the present paper we utilize the Regge formalism to per-
analysed[35,36,37.38.39]. The results of the 1990 arsf§€] form a global analysis of the world data set on charged-pion
of TN — 7N andrN—rrN data are in reasonable agreePhotoproduction in the high photon-energy region where res
ment with the previous findings [35.36)3738, 39]. The mognance contributions are expected to be negligible or dbsen
recent GWU analysi$ [41,42] afN scattering covers now en-and thus the non-resonant part of the reaction amplitude can
ergies up to,/s=2.6 GeV. However, the description of the datde determined reliably. In fitting the experimental resitlis
deteriorates noticeably abowe2.4 GeV, which is reflected in important to note that the Regge approach is applicable only
a sharp increase in the achievetl Unfortunately, the status in the small momentum transfer region. Thus, it is naturaf th
of high-mass resonances has not yet been settled. Furtteermiée Regge model gradually fails to reproduce the data as the
the availabler N data base a{/s>1.8 GeV is far from being Mmomentum-transfer increases. In our global analysis wethe
Comp|ete_ Speciﬁca”y, for a conclusive ana|y5is with rdgﬂ fore include data on differential cross sections and smgkde
excited baryons additional polarization data are necgsBat double polarization observables in the energy rang&3<8
it is rather difficult to perform the experiments in question GeV but with the restriction-t<2 GeV*. The data considered
the near future because of the lack of suitable pion beams. were all obtained around or before 1980.

Fortunately we can use electromagnetic beams to study the O"c€ the parameters of the Regge model are fixed the cor-
ponding amplitudes are extended to lower energiesifSpec

excited baryons with masses above 1.8 GeV. The high-enef .
beams required (witt, > 1.3 GeV in the laboratory frame) 'gglrl]yl' t4he<y ;re<u§eéjet\(; ?ﬁ;‘:%‘éﬁe(;zi?‘rgg?éisgm;?giﬁ\r/'::%atre
A4<E, < s

are available at JLab, ELSA, GRAAL, SPring-8 and the ne@/°" '

MAMI-C project. Data from these facilities on photo- andele energies? < \/g < 2.6 GeV,_ and the results are confro_nted

tro production of pseudoscalar and vector mesons showl allVith data in this energy region, for example with the differ-

us to extract nucleon resonance parameters associateehwittEntial cross sections for charged pion photoproduction-mea

cited baryon states. Among the various reaction channdis V\ﬁgred _recently [65.66] in Hall A at J_Lab. In this energy re-

different final states, single-pion photo-production pdes the 9i0n differences between our predictions and the data are ex

most straightforward access to baryon spectroscopy. €haisr pected. But these dlfferen(_:es are precisely what we are afte

tion is the focus of the present work and we study it within Because they could be a signal for the presence of resonances

Regge approach. and, th;j/s—’;glél;d \k/JeCused to |det|nt|fy excnled ba{yorr]l_ééattgs wi
L o masses/s>2 GeV. Consequently, we explore at whi e

na r:;isf?rz ?ﬁetgi(_);ﬂgzl f'gtj’retit'?eéggonn:nigerggiré)cne’rﬁg‘.dfgenpresently available data possibly show room for additioes

059 — 3 GeV i ticall harted territ M tonance contributions and we examine the issue of which ob-
glesz = \/g = €V, IS practically uncharted territory. VoSlsey apjes are the most crucial ones for excited baryon spec-
of the existing studies within the conventional meson-excje troscopy.

picture, utilizing phenomenological Lagrangians, arérieted The . . .
X L ; paper is organized as follows. The formulation of the
to energies up to tha (1232) excitation region, cf. [43] for a odel is given in Section 2. An analysis of positive and nega-

{ﬁgfgct)LiY:j(aev:é;r;\?;ecg:':eecr)iﬂly :j’erg/gvig]gse?/nizjczfzgfgo five pion photoproduction is given in Sections 3 and 4, respe
g upta/s= AL SR tively. In Section 5 we consider the™ /7T production ratio.

48] Also, W'.th reggrd 1o single pion photoproductmn., the-m The paper ends with a discussion of further perspectives bot
jority of the investigations cover only the energy regiontap in experiment and theor
V/s~1.5 GeV [49[50,51,52,53]. A coupled-channel approacﬁl P Y-
for the analysis of the data of photo- and electro-productio

of 7N, nN, andrr N final states up tq/s<2 GeV is formu-

lated in Ref.[[54]. Finally, on a more phenomenological leve2 The Model

K-matrix based coupled-channel analyses of pion and photon

induces reactions up to energigs~2 GeV were presented in Because the mechanisms of charged and neutral pion photo-
Refs. [65,56.57,38]. production are different, we will only analyze the data foe t

A description of ther V system within such meson-exchangg—=+n andyn—x~p reactions. Indeed for these reactions
models becomes very complex and difficult in practice at@ighpion exchange dominates at smalt whereasv-exchange is
energies,/s>2 GeV, say. Obviously, the number of reactiorfiorbidden altogether, while the situation is opposite f8F
channels and the number of exchange diagrams, which defineson photoproduction. However, as was emphasized in Ref.
the basic interactions of these models, increases tremshdo [67] and will be discussed later, it is already a highly nowat
and most of the pertinent parameters are not known well. sk to obtain a Regge model fit to all of the considered world
contrast, the Regge model[13]59/60/61,62,63,64], with-a rdata of charged pion photoproduction.
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The previous phenomenological analyses|[6/7, 68, 69] of sifeble 1. Correspondence betweeithannel Regge exchanges and the
gle charged pion photoproduction at high photon energess iyl helicity amplitudes”,” and 7 (i=1—4). HereP is parity,J the spin,
indicate that a pure Regge pole model can not give an accuratke isospinG the G-parity, N the naturalness an8l the signature
description of the data. For example, it is known experimefactor.

tally that the differential cross section mcreases.wherfdmr— | | P |J|I| G| N | S | Exchange|

momentum transfer approaches). However, while the reac-

tion is certainly dominated by pion exchange for small four- Frl+1]2|1|-1]+1] +1 as

momentum transfeft|<m2, wherem, is the pion mass, the FP | =11 |1|+1]+1] -1 p

pion-exchange contribution alone cannot explain the data b Fy | =110 (1|-1]-1]+1 s

cause it vanishes whétj approaches zero. F | +1 1 1] +1|-1|-1 b1
To resolve the problem it was proposed to include a “pion Feof #1120 1) —17+1)+1 az
: " : Lo FO |l —1]1|1]+1|+1| -1 p

parity doublet”[70, 711] which allows a good description bét 3

available forward differential cross section data. Butshene 1;10 +1 ; 1 :i _1 :i a@

model could not reproduce the polarization data. Attematgh 4 1 - — P2

been made [6/7,68,12,[73/74l[7/5, 76] to include absorptive co
rections. Using a poor man’s absorption correctjon[[67 168]

the pion exchange enabled a good fit to the data at Small Regge pole and cut amplitudes fara, andb; exchanges as

el 2. galige iaant pon-oXchange Born trn ndead o

too sharply to be explained gnl Fl)a tr?e inteprference betwehlé]h energies the interactions before ano_l after the_bagg@e

the pion—r()e;/change aﬁd Regge c{n ():/ontributions ﬁ le exchange mechanisms are essentially elastic or diffra

i : tive scattering described by Pomeron exchange. Such a sce-

A good description of the sharp forward peaks observg@yrio can be related to the distorted wave approximation and

in charged pion photoproduction, while satisfying also@gu provides a well defined formulation [88.89190/91, 92] foneo

invariance, was achieved by a proper i_nclusion of nucle;_on étructing Regge cut amplitudes. This approach, which csm al

or u channel) exchange. The calculations based on this #g- gerived in an eikonal formalisri [93] witkrchannel uni-

proach [69] also reproduced the photon asymmetry data. Wity [73], is used in our work. Detailed discussions abibet

fortunately such a gauge-invariant unitarized Regge maees! on_diffractive multiple scattering corrections invaigiinter-

not applied to perform a systematic analysis of the worlédafyediate states which differ from the initial and final steas

of_ charged pion ph_otop_rod_ucn(_)n reactions. In this work, W@e relevant Reggeon unitarity equations are given in Fgss.

will make progress in this direction. 94[95.96]. For simplicity we do not consider these much more
To have a simple approach to describe the forward peakgolved mechanisms which would increase significantly the

of charged pion photoproduction differential cross sewdjave number of parameters to be fitted.

do not reggeize the pion exchange. Instead, we follow pusvio

works by assumingd [69] that it contributes as a fixed pole via

the electric Born term. The resulting amplitudel[79, 80ids 2.1 General structure

gauge invariance. This approach also reduces the number of

parameters to be determined by a fit to the data. Such a galiyeur analysis we use thechannel parity conserving helicity

invariant amplitude for pion exchange has been employedamplitudest; (i = 1,...,4). The F; have proper crossing and

Refs. [69,717,.81,.82,83,84,85]. analytic properties and definite spin-parity in thehannel.F;
Before describing our model in detail let us first mentioNd £ are the natural and unnatural spin-patighannel am-

here some other problems in the previous analyses. Quite feifudes to all orders is, respectivelyF; and , are the nat-

sonable agreement between the Regge model calculafions ! @nd unnaturat-channel amplitudes to leading ordersn

63] and data was obtained by incorporating the finite-energ§€ @mplitudes for charged pion photoproduction in the-stan

sum rules (FESR) into the fitting. The use of the FESR r@ard isospin decomposition are given by/[97]:

quires reliable multipole amplitudes of pion photoprodiurct —rtn _

in the whole resonance region. Existing partial-wave asesy P = V2[F} + F,

(PWA) [35/36/.37,40] of pion-nucleon scattering have ident FI"™ P = \2[F° — F]. 1)

fied baryon resonances with masses up to 3 GeV. Presently the t ! !

PDG listing [21] includes four baryons with a 4-star rating i The correspondence between different Regge exchanges with

the mass region from 2 to 2.5 GeV. Furthermore, the FESR ap<2 and the amplitudeg? and F; that enter into Eq[{1) is

plied to ther ~p—=n reaction distinctly illustrate$ [11,12.86] given in Tablé1L.

that the resonance region extends up/e=3 GeV. However, Both natural and unnatural parity particles can be exchdinge

the most recent GWU PWA [87] for pion photoproduction ifn the ¢-channels in charged pion photoproduction provided

valid only for /s below 2.6 GeV. Therefore, an incorporationhey have isospifi=1 andG-parity G=+1. The naturalness’

of FESR into the analysis of pion photoproduction at high efer natural (V=+1) and unnatural{/=—1) parity exchanges

ergies,/s > 3 GeV seems to be impossible at present. We thissdefined as

do not include the FESR in our analysis.

_ : _ J
Guided by the previous works described above, we here N=+1if P=(-1)",
develop a gauge invariant Regge model, which combines the N =—1if P=(-1)", (2)
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whereP andJ are the parity and spin of the particle, respeavhere contributions from Regge exchanges ofghe, andb,
tively. Furthermore in Regge theory each exchange is ddnoteajectories are taken into account. Their concrete sirecnd
by a signature factaf==+1 defined as [88,60,61] parameterization is described in detail in the next submect
J As mentioned, the contribution from pion exchange is treate
S=PxN=(-1)" (3) differently and will be discussed and described in detaihin
separate subsection below.

2.2 Observables

The relation between thiechannel helicity amplitudes; and 2.3.1 Regge amplitudes
the observables can be constructed via the transformation t ) _
the s-channel helicity amplitudes;, S,, N and D. Follow- Similar to the particle-exchange Feynman diagram, eaah rea
ing Wiik’s abbreviations[[98],5; and S» are single spin flip tion amplitudef’ is factorized in terms of a propagatGrand
amplitudes,NV is the spin non-flip and is the double spin @ vertex functions
flip amplitude, respectively. The asymptotic crossingtietg (Regge)
which is useful for the analytical evaluation of the heljcim- F999(s,t) ~ Bi < G (11)
plitudes, is given by . . . L
However, there is a difference in defining the propagatoe Th
Fy 2m =t /=t 2m]|[S basic reaction mechanism in the Regge model is not assdciate
Bl_—4vm| o0 =t V-t 0| N ) with the exchange of certain particles but with the exchange
Byl =t |t 2my=t =2my~=t t||D|" of certain quantum numbers. Therefore, the mass of the ex-
Fy 1 0 0 —1ULS2 changed particle does not appear in the amplitudes explicit
Accordingly, the usual Feynman propagator, which contains

o , +
Utilizing the relations of Ref.L[99] theyp — w™n and "o co e e exchange particle, is replaced by the Regge
~yn — 7~ p observables analyzed in the present study are g"’ﬁ%pagator

by
. a(t)—1

do 1 [t|Fy|? — | F3)? 9 5 1 148 exp[—ima(t)] { s }

i S et bl I 1 B - G~ — , (12

dt 32w [ (t —4m?) FIRE=dnE L ©) t—m? = sin[ra(t)] T'a(t)+1] | so (12)

2 2

dog_ 1 {M — |+ t|F4|2} , (6) wheresy=1 Ge\* is a parameter for defining a dimensionless
dt 16m | (t —4m?) amplitude,S is the signature factor given in Talile 1 an¢t)
do V-t - Fy . is the Regge trajectory. The trajectories are the most gaken
%T ~ 16r Im (t — 4m?) T FEy (7) part of the Regge model and they are defined by the sgins (
d P and massesi{ ;) of the particles with a fixed G-parityy” and
YOp_ N —t Im [ it B F4F2*] , (8) S. Specifically, the functiomy(t) characterizing the trajectory
dt 167 (t —4m?) is obtained from the relation(m ;) = .J applied to those par-

where the appropriate isospin combinations of s accord- ticles that form the trajectory. The trajectories pertintenour

ing to Eq. [1) need to be taken. The relations in Egs. (5) - (8PProach will be discussed below.

allow one to obtain constraints for thehannel helicity ampli- _ OPviously the Regge propagator of EQ.J(12) accounts for
tude directly from experimental observables. Note that(&). thg whole family of part|(_:les or poles, which lie on a certain
is appropriate only at>>t, since it does not account for thelf@ECtory, where the trajectory isamed after the lowest.J
higher order corrections that are proportionaktam?. The State. Thus, by considering different trajectories carsed
amplitudesF; are related to the usual CGLN invariant amplil" the unphysicat>0 region one can effectively include all

tudes4; [97] by possible exchanges allowed by the conservation of quantum
numbers. This is an obvious advantage of the Regge theory,
L =—-A4+2mAy, since with increasing energy it is necessary to include fhe e
Fy= A +tA,y, qhang_es_ of higher-mass _apd.higher-spin particles and @iplesc
e — 9mAs — tA tion within standard relativistic meson-exchange modelsia/
3 = A 4 become too involved or even unmanageable.
Fy=As. ©)] From Eq.[I2), we see that the facti[r«(t)] would gen-

Expressions for the experimental observables in termsef {i/2t€ also poles a0 whena(¢) assumes the values—1, .. ..

amplitudesA; are listed, for instance, in Ref. [100]. The often he function/"[a(t)+1] is introduced to suppress those poles

used multipole amplitudes can be constructed from theihelicn@t li in the scattering region because

amplitudes using the relations given in Ref. [101]. 1 sinfra(t)]
I'[a(t) + 1) - T Fla(®)- (13)

2.3 Structure of the amplitudes . . : .
uet Pty However, the suppression of the poles in the physical region

The pion photoproduction amplitude of our model is given bgan be done by other means too. This issue will be discussed
below when we introduce the concrete parameterizationeof th
F, = FZ.(”) + FfRegge) , (10) Regge amplitudes that we use.
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The structure of the vertex functigh of Eqg. (11) is de- Table2. Parameterization of thé(t) functions for the amplitudes;,
fined by the quantum numbers of the particles at the intenacti(i=1-3). Herec;; is the coupling constant where the double index
vertex, similar to the usual particle exchange Feyman diagr refers to the amplitude and the type of exchange, as spedaifitt
This vertex function is taken to be real and hepcthe ratio of Table, whilea;(¢) denotes the trajectory for the type of exchange.
the real to imaginary parts of the reaction amplitude, iegiv These trajectories are given by E¢s.J(18) dnd (20).

by |

Pole amplitudes |

) Re F ~ S + cos[ma(t)] 7 (14) | | Residue functior(t) | Exchange| j |
Im F sin[ra(t)] Fi | e on(d) o (D+1] @ 1
for a specific Regge exchange, i.e. simply by the phase of Eq. Fi | 1z a(t) [az(t)+1] P 2
(@2). This phase is required by the fixedlispersion relation | Py | eastas(®) [as()+1] | b | 3|
and is well verified experimentafly -
The Regge amplitudes used in our model calculation are of Fs | esiton(t) [ea(t)+1] | a2 1
the form Fs | esataa(t) [o2(t)+1] | p 2
F{99 (s, )=y [FJ™) (s, )+ F " (s, 0], (15) | Cut amplitudes |
; Fi | cia [oua(t)+1] expldat] | a2 4
. . Fi | c15 as(t) exp[dst] P 5
wherej = 1,2, 3 denote the trajectories;, p andb;, respec- F1 | ci6 [as(t)+1] expldst] | b1 6
tively. (Note that we do not consider the amplitutleand the
corresponding trajectories, and p, in the present investiga- 1122 c24 [oua (1) +1] ZXp[d‘*t] a2 ‘51
tion for reasons that are discussed later.) Each of the pole a I c25 a5(1) exlp[ 5t] g g .
plitudes are parameterized as|[88] (suppressing the sptsscr 2 | ez [ar()+1] expldst] | b
Zj) F3 C34 [Oé4(t)+1] eXp[d4t] as 4
) oc(t)fl F3 C35 (U5 (t) exp[d5t] P 5
F(pole) (57 t) — ﬁ(t) 1+S .exp[—mroz(t)] |:i:| ’ (16) F3 C36 [a6(t)+1] eXp[dSt] b1 6
sin[ra(t)] S0

where3(t) is the residue function which accounts for the
dependence and the coupling constant at the interactitexver |, defining the Regge cut amplitudd&<s®) of Eq. [I5)
and§ is the signature factor given by E@ (3) and listed in Tgye yse the following parameterization based on the absaorpti

ble[d. model [60,104,105,106,69] (suppressing again the syiisgri
The residue functiong(t) used in our analysis are com- o o -59] (supp 949 (psy

piled in Tabld2. They are similar to the ones used in some of . ac(t)—1

the previous analyses [67)69]. The factdt)[a(t)+1]in Ta-  F (s, 1)= Ale) 1+5 fexp[ et {i} (19)

ble [2 is used to suppress the poles of the propagator in the sca log (s/s0)  sin[mac(t)] 50

tering region. Alternatively this suppression can be acde88]
by introducing thel'[a(t)] function as seen in Eq4.(12) an
(13). One can also introduce a facfo(t)+n] with n=2,3, . .. ooyt
to suppress poles at larget. However, we do not apply the Qe = ap +
Regge model beyond/=2 GeV, and therefore such a suppres-

sion factor is not considered. We should mention that in SOffieren, anda’ were taken from the pole trajectory given by
studies[[102] it was proposed to drop thé&) factor for thep Egs. [I7) and[{18), and’,=0.2 GeV~2 is the slope of the
pole exchange. But we keep this factor in our model. In fa‘ﬁomeron trajectory. The residue functiof) of Eq. [19) are
we found that it has practically no influence on the achieved 515 Jisted in Tabi@l2, where the relevant cut trajectories a

ofthe fit. _ o numerated as., as, ag for the as, p andb; cut amplitudes,
The trajectories are of the following linear form: respectively.

d/vith the trajectories defined by

; (20)
o +alp

a(t)=ap + 't 17)

where the parameters(, o') for the considereds,, p andb;, 2.3.2 Pion-exchange amplitude
trajectories are taken over from analyses of other reas (R ) ) o ) )
103]. Explicitly we have for the considered, p andb, trajec- As already mentioned in the beginning of this section, we do

tories not reggeize the pion exchange. Instead, we follow previous
works by assumingd [69] that it contributes as a fixed pole via

gy, =0 =04 +0.99¢ the electric Born term. Indeed, pion exchange dominates the
a, =az=053+0.8t region—t < m?2 and in this region the Regge propagator can

ap, = az = 0.51 +0.8¢. (18) be savely replaced by the Feyman propagator. The resulting

amplitude [7€,80] satisfies gauge invariance in photoptedu
2 For instance, the ratip can be measured directly in forward elastion. This approach allows us to describe the forward peaks
tic scattering. of charged pion photoproduction differential cross setgim
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a simple way. It also reduces the number of parameters toTable 3. Parameters of the model. Herg is the coupling constant for
fitted by the data. theith amplitude and the type of exchangk,is a cut-off parameter
The gauge invariant pion Born terrﬂ(”)(s t) is calcu- for the Regge cut amplitude, whiteandb are the parameters of the
lated [69,81,82,83.97,107] from the usual pion and nucle§Rm term form factor, cf. Tablel2 and EG.{22).
exchange Feynman diagrams fa¥ — N, but keeping only j o d
f[he pure elect_ric coupling in theN N vertex. Expl!citly, the -1 | ;2 i 3
invariant amplitudes for thep— =" n reaction are given by

1| —301 - | 1038 | -
A =— 9 —f(t), 2 36.1 - 31.0 -
s—m¥ 3| - 8.4 i .
2eg 4| 164.0 —42.0 | 348.6 | 1.46
A= e (21) 5| —286.8 | 1271 | —221 | 0.75
N ™ 6| 2719 | —141.3 | 59 | 078

(The relation between the invariant and the helicity ampkis | 0 —08 b=156 |
is given by Eq.[(P).) Here andm,, stand for the nucleon and
pion mass, respectively, amcandg are the electric ang N N
coupling constants taken a$/47=1/137 andg?/47=13.76.
Following the standard procedure [69] a phenomenologiohfo

factor f(t) is included, The data for both the positive and negative pion photopro-
J()isinclu duction are fitted simultaneously. The resulting paransedér
f(t) = aexp(bt), (22) the model are given in Tableé 3. The achievgdndf amounts

to 1.4. We find that some of the data from different experiment
wherea andb are free parameters to be determined by a #ite slightly inconsistent. There is no way to improve thefieon
to the data. For then—n~p reaction the gauge invariance ofdence level of our global analysis unless these inconsidtaa
the pion exchange can be restored by thehannel nucleon are removed from the data base. However, it is difficult to find

exchange [108] with invariant amplitudes taken as meaningful criteria for pruning the data base.
€9
A = mf(t) >
N 9 2.5 Experimental constraints on Fy
Ay = - J (). (23)

_ 2 _ 2
(u—my)(t —m3) As seen in Tabl&]2, we do not include the amplitudein

Qour analysis. Thé”, amplitude is given by thg "“=1* and
JPC=2-~ exchanges and their cuts. Those contributions cor-
respond to the exchanges of e f1, po andw, mesons with
—u+m3 ~s—mi, (24) the indicated quantum numbe@rsvhere the latter two are not
well established experimentally [21]. In addition, theekeint
when neglecting terms smaller than the pion mass squaraghplitudes are small because the corresponding trajestare
That is why in Refs.[[69,81] thea-channel correction to the low-lying in the J-plane [110]. That were the reasons why
gauge invariance was not specified explicitly and onghan- the F, amplitude was neglected in many previous studies of
nel invariant amplitudes were given. charged-pion photoproduction.
As is obvious from Eqs[{21) and (23) in conjunction with By inspecting the relation between the amplitudésand
Eq. (9), the pion-exchange contribution derived aboverdmnt the observables one can immediately conclude that theesing|
utes to the helicity amplitudeB’ to F3 while the reggeized polarization data on targel’§ and recoil ) asymmetridbare
pion exchange would contribute only I3, cf. Table1. very crucial to determine the role d,. Indeed if =R ex-
actly then it follows thatF;=0. A direct measurement of the

R-T difference allows access th; in a model independent
2.4 Parameters of the model way because

Indeed for small-t<m? where the pion exchange dominate
the propagators for andu channels fulfill approximately

With the formulation presented above the considered m@acti R—T =A4r/—t Im[ F4F; ], (25)
amplitude has 19 free parameters. As discussed in section 1,

we fix these parameters by a fit to the*(and7~) produc- and because the, amplitude is well established from the in-
tion data at energies<FE, <8 GeV and momentum-transfersestigation of various reactioris [99] dominatedisyneson ex-
—t<2 GeV?. Some general information on those data[109] ighange. Furthermore, without any model assumption, the fol

given in the following sections where the results are disdus |owing Worden inequalitieg [92] can be derived from the rela
In order to avoid any dependence of the fit on the start-

ing parameters we used the random walk method to construétrormerly thea; and p, mesons were called; and Z, respec-
the initial set of parameters and we repeated the minintizatitively [88]

procedure many times. Furthermore, an additional exaimimat * Note thatin some publications of experimental results titation
was done by exploring the results for the parameter comelat is different. Specifically, for the recoil asymmetRis used (instead
matrix in order to inspect the stability of the found minimum of R) and for the polarized photon asymmetty(instead ofY’).
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Table 4. The yp—7n data on differential cross section analyzed iTable 5. The yp—ntn data on the polarized photon asymmetty
the present paper.

Differential cross sectionjo /dt

E, Vs —tmin | —tmas | Reference
(GeV) (GeV) (GeV®) | (GeV?)
1.1 1.72 0.47 0.71 [65]
1.1 1.72 | 4.1x1073 0.41| [112]
1.48 1.91 0.024 0.24 | [M13[113]
1.62 1.98 | 1.1x10°3 0.34 | [113[114]
1.65 1.99 0.42 1.18 [65]
1.77 2.05 | 1.3x10°3 0.38 | [113[113]
1.8 1.99 0.47 1.32 [65]
1.99 2.15 | 1.5x10°° 0.44 | [MI3[113]
2.18 2.23 | 1.6x10°° 0.6 | [113[114]
2.38 2.31| 1.8x10°3 0.66 | [113[114]
2.48 2.35 0.69 1.95 [65]
2.51 2.36 0.126 | 0.323| [115]
2.63 241 | 2x10°3 0.74 | [113[114]
3.25 2.64 0.124 0.45| [115]
3.32 2.67 0.96 3.64 [65]
3.4 269 | 3x10°? 0.4 [116]
3.4 2.69 0.09 0.33| [117]
3.41 2.7 0.374| 1.396| [118]
3.4-4.0| 2.69-2.9 0.25 1.31| [119]
4.0 2.9 0.95 514 | [120]
4.15 2.94 2.28 4.1 [65]
4.17 2.95 0.09| 0551 [115]
4.4 3.02 6.77 7.08 | [121]
5.0 3.2 0.01 0.61| [116]
5.0 3.2 0.19 1.45| [117]
5.0 3.2 1.44 6.8 [120]
5.0 32| 2x107* 1.15| [127]
5.53 3.36 4.75 5.6 [65]
7.5 3.87 1.95| 11.63| [120]
8.0 3.99 | 5.1x10°* 213 | [122]
11.0 464 | 8x107* 2.06 [122]
16.0 556 | 1.2x10°3 1.95 [122]

tion between thé”; amplitudes and the observables:

|[R+T| <1+ %,

|l)|S Vl_EQa

(26)
(27)
(28)

whereD denotes the double polarization paramet@rd{, £
and F", which are given in Refsl [99,111]. In addition, the obg|ation in the photon energy.
servables obey the following equationsl[99,92]

EF?+F’+G*+H*>=1+R>*-x%*-1T1?,
FG-FH=R-TXY,

(29)
(30)

(denoted formerly agl [92]), target asymmetry’, and the recoil sym-
metry R (denoted formerly a® [92]) analyzed in the present paper.

| Polarized photon asymmetiy |

E, NG —tmin | —tmaes | Reference
(GeV) | (GeV) (GeV?) | (GeV?)

1.55 1.95 0.15 1.39 [132]
1.65| 1.99 0.16 15| [132]
1.95 2.13 0.2 2.08 [132]
2.25| 2.26 0.23 1.89 | [132]
25| 236 0.02 0.31| [123]
3.0 2.55 0.15 1.16 [124]
34| 269 0.01 06| [123]
34| 269 2.6x10°° 0.01| [133]
5.0 3.2 0.1 04| [123]
16.0| 5.56 | 5.5x10°3 1.5 [125]

| Target asymmetr{’ |
155| 1.95 0.15 139 | [137]
1.65 1.99 0.16 1.5 [132]
1.95| 213 0.2 2.08 | [132]
2.25 2.26 0.23 1.89 [132]
2.5 2.36 0.1 0.87 [130]
34| 269 0.1 1.14 | [130]
5.0 3.2 0.1 1.25| [130]
5.0 3.2 0.019 1.02 | [131]
16.0 5.56 0.019 0.62 [137]

| Recoil asymmetnR |
1.55 1.95 0.15 1.39 [132]
1.65| 1.99 0.16 15| [132]
1.95| 213 0.2 2.08 | [132]
2.25 2.26 0.23 1.89 [132]

¥~0.8. Following Eq.[(ZB) this implies thakR—T'|<0.2, sug-
gesting that thé, amplitude could be not negligible. The data
available forl" and R at £,<2.25 GeV imply that, within the
experimental uncertaintief;~R. At higher energiesf,>2
GeV, experimental results far and R [126/127,128,129] are
available only for neutral pion photoproduction. Thosegasi
also thatT’~R. However, the statistical uncertainty of these
data is large and at., <4 GeV the comparison of target and
recoil asymmetries requires an interpolation and an extrap-

Certainly, apart from the mentioned experimental indica-
tions, there are no fundamental reasons to ignoretheon-
tribution. Indeed, we did attempt to include thg amplitude

which allow to construct, from the full set of single and dou- in the global fit following the trajectory parameters given i
ble polarization measurements.
Unfortunately, there are no data for bdttand R asymme- contribution. In addition, the most crucial data availaJi/ag,
tries available for the charged-pion photoproduction attph [131] at £,>3 GeV for target asymmetries are afflicted with
energies explored in the present study. The datal[128, 28%, 1large errors. Thus, finally we decided to neglEgtn the present

at3<FE, <16 GeV indicate for the photon polarized asymmetrgtudy.

Ref. [88]. However, it turned out that the fit is insensitigahat
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Fig. 1. The yp—=Tn differential cross section as a function -et,

the four-momentum transfer squared, at different photangesE.,, .

The data are taken from Refs. [116] (filled squarés), [11@g(odia-
monds), [122] (filled triangles)._[115] (inverse filled tnigles), [118]
(filled circles), [119] (open stars), and [120,121] (opercleis). The
solid lines show results of our model calculation based erptram-
eters listed in Tablgl3.

3 Results forvp — wtn

This section is organized as follows. First we compare the re
sults based on our model with the data included in our global,

fit, i.e. datain the region8E., <8 GeV and-t<2 GeV2. Some
general information on those data is listed in Tables 4 akds5.
also confront our model with the available data at the higimer

ergiesE,=11 and 16 GeV which were not included in our fit.

Information on those data are listed too in the Tables.
Then we look at data fdr.4< £, <3 GeV where our Regge-

model results can be considered as predictions. The lowest p
ton energy is chosen in order to cover invariant masses dow@
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Fyp—>1'n £,=7.5 GeV F yp—>'n £,=8 GeV

—_

do /dt (ub/GeV?)
|

0 F
10_25-
-I....I....I....I...Q
0O 05 1 15 2
—t (GeV?)

Fig. 2. The yp—=tn differential cross section as a function et

at different photon energie®,. The data are taken from Refs. [122]
(filled triangles) and [120,121] (open circle). The soliadds show re-
sults of our model calculation.

could be used to investigate the reaction mechanisms rdleva
in this rather complex and exciting transition region. Hoere

the solution of this problem is beyond the scope of this paper
and will be postponed to future investigations.

3.1 Results at E, > 3 GeV

Our results for theyp—=n differential cross sections are pre-
sented in Figd.]1 ard 2. The model reproduces the data quite
well. Note that the differential cross sections increasa sy
when approaching=0 and can only be fitted by using the
gauge invariant pion exchange tefii™ as described in sub-
sectiof 2.3 . It will be interesting to see whether thigipar

1.5 1.5

[ yp—>7n'n E,=3 GeV [yp —> 7'n E,=3.4 GeV

—_
T

asymmetry
o
<

to /s~2 GeV, which is roughly the lower end of the fourth 5
resonance region. Note that at these energies we definitely e<
pect to be in disagreement with the data. But we regard such%
disagreement as the starting point for exploring possible ¢ © 14
tributions from nucleon resonances. Thus our interestat th .~
energy range is to examine systematically for which observo
ables and in which kinematical regions discrepancies lertwe DC_>

. . 0.5
our predictions and available data occur.

Finally, we compare our predictions with the most recent

data [65, 65] for differential cross sectiondat<E.,<5.5 GeV,
collected by the Hall A Collaboration at JLab. The main inter
esting feature of these data is that they cover a region gy fai

1.5

5 .

08
-t (GeV?)

large momentum transfer -x6<—0.4 GeV? and thus provide

Fig. 3. Polarized photon asymmetry for the reactign—n"n as a

a window for examining the transition from non-perturbativfunction of —¢ at different photon energieg,. The data are taken
QCD to perturbative QCD. Also here we are guided by the aifiem Refs. [123] (filled triangles),[[124] (filled circles)nd [133]
to learn how the amplitudes generated from our Regge mo(Rien diamonds). The solid lines are the results of our tation.
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Fig. 4. Target asymmetr{” for the reactionyp—="n as a function 0 0.5 t1 G \}2’5 0 0.5 ¢ 1G V21.5
of —t at different photon energies.,. The data are taken from Refs. - ( € ) - ( € )

[130] (open triangles) and [131] (open crosses). The siiigslshow Fig. 5. Theyp—n*n differential cross section (upper panel) and po-
results of our model calculation. larized photon,X and targetI’ asymmetries as a function eft at
the photon energieB., =11 GeV and 16 GeV. The data are taken from
Refs. [122] (filled triangles)| [125] (asterisk) and [13&pén crosses).
lar feature can give us some clue about how the Regge motied solid lines show results of our model calculation.

can be connected with meson-exchange models. In the latter a

gauge invariant pion-exchange, derived from phenomeitolog ] ]

cal Lagrangians, is also a crucial ingredient in descrittivg  Our fit to the data on the target asymmeffyis shown
charged pion photoproduction at lower energjés<2 GeV. In in Fig.[4. The data were obtained [180.131] using a buthanol
particular, it will be instructive to compare the multipaimpli- frozen spin target. Within the experimental uncertaintes
tudes in the transition regioys ~ 2—3 GeV where both mod- data are well reprod_uced by our calcula'upn_. To test the con-
els could be equally successful in describing the non_@mﬂstru_cted mod_el, we first compare our predictions with tha dat
contribution around=0. Our investigation on this issue will be@vailable at higher energies, namelyat=11 GeV and 16 GeV.

reported elsewhere. Note that these data were not included in our global fits. The
Fig.[d presents results of our fits to the data for the photHRperfanel of F_|g]5 shows the differential cross section fo
asymmetryZ. The photon asymmetr¥. is defined by ~vp—7Tn, which is well reproduced by the model calculation.

The lower panel of Fid.l5 displays results for the polarized-p
ton asymmetry2’ and the target asymmetiyfor £,=16 GeV.
(31) Here deficiencies of the model are apparent.
To remove the remaining discrepancies, specifically in the
] ) _polarization observables, one may have to includeftheon-
wheredo (do) is the cross section from measurements witffibution which has been neglected in the present fit, as dis-
photons polarized in the direction perpendicular (pabett® cussed in subsectién 2.5. Indeed, fhecontribution is primar-
the~-m scattering plane. ily sensitive to the difference between the recdi) @nd target
Within the Regge model the data dncan be used [134, (T)) asymmetries, as given by E.{25). Unfortunately, there is
135[136] to separate the contributions from natural anditinnno experimental information available f&. Apparently more
ural parity exchanges. According to Ref. [134] the difféi@n data onX, T and R as well as other polarization observables
cross sectioo | (do)) is due to unnatural (natural) parity ex-are needed for making further progress.
changes. Thus, a large and positieat forward angles, seen
in the left panel of Fid.13, indicates the dominance of unredtu
parity exchanges and can be described by the pion-exchaggePredictions at lower energies
mechanism [124,133]. The data show thais positive and al-
most constant, suggesting that, >do) over the whole con- As was stressed in many studiés|[88/92]106], the Regge the-
sidered range of. Hence, the photoproduction eft photo- ory is phenomenological in nature. There is no solid theéoret
production is indeed dominated by unnatural parity exckeangcal derivation that allows us to establish explicitly theges
in the kinematic region considered. of ¢t and s where this formalism is applicable. Nevertheless,

. dO'L—dO'”
- dO'J_-i‘dO'” ’
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Fig. 6. The yp—="n differential cross section as a function ef
at different photon energids, . Here/s is the~p invariant collision
energy. The data are taken from Refs. [113]114] (open ssjudrbe
solid lines show results of our model calculation.

Fig. 7. The yp—=tn differential cross section as a function ef

at different photon energieB, . The data are taken from Refs. [115]
(inverse close triangles) ard [113,114] (open squares) sohd lines
show results of our model calculation.

following the usual arguments based on the analytic proper2s GeV. On the other hand, the model is in good agreement
ties of the scattering amplitudes in the complex angular m@ith data onX at the photon energi,=2.5 GeV, which cor-
mentum plane, it is reasonable to assume that the Regge megghonds ta/s=2.36 GeV. But here one should keep in mind
constructed above is valid for describing quantitatively €x- that the data cover only a very small range.dince the polar-
change mechanisms down to energies of arolind3 GeV jzed photon asymmetry varies substantially as a functighef
which corresponds tq/s~~2.55 GeV. Since there are severafour-momentum transfer squared within the consideredeang
well-identified nucleon resonances [21] in the energy range 1.95<,/5<2.36 GeV, one might consider this as an indication
to the range of/s~2.6 GeV, identified in partial wave anal-for the excitation of baryonic resonances.
yses[35,36,37.38.40.56.187.138] of pion-nucleon stale  Fig.[g presents data on the target polarizafivtfilled cir-
we expect that deviations of our predictions from the datk Wi|es and triangles) and the recoil polarizati®r{open circles)
start to show up for energies frof, ~3 GeV downwards and together with the model results. Please recall that in outeho
it is obvious that those discrepancies could be a signaldssip e assumé’, =0 and, hence, the predictions for these two ob-
ble contributions from nucleon resonances. Thus, our 8peckervables are the same, cf. EG$. (7) and (8). Thus, therdyis on
interest here is to examine carefully this transition epegy  one (solid) line in each panel of Figl. 9. There are some devia-
gion and to single out those observables which can be usgfhs of our model result from the data at photon energiesbel
most effectively to establish the presence of resonancessnr 2 25 GeV. However, the accuracy of the data is not sufficnt t
to extract nucleon resonance parameters. o draw further and more concrete conclusions. Indeed, itd@sk
The solid lines in Figs.]6l7 show our predictions for thg photh R andT oscillate around the value zero. It is interest-
yp—7*n differential cross sections dt48<FE,<2.63 GeV  ing to note that the data in Figl 9 suggest thatR within the
in comparison with the data. Here we also indicate the cQfzxperimental uncertainties. Thus, our assumption Fyat 0
respondingyp invariant mass,/s. We see from Fid.]7 that our js in Jine with the experimental evidence. Neverthelessieno

predictions are in reasonable agreement with the expefimgfecise data on these two observables would be rather useful
tal results [115). 11‘3. 1:|.4] down @7:238 Ge\/, which corre- for drawing more definite conclusions m

spondsto aninvariant massgk~2.31 GeV. At those energies
there is not much room for additional contributions withire t
t range covered by the experiments. As seen from Eigs. 6
[7, our predictions start to deviate more systematicallynftbe
data belowF, = 2.18 GeV ory/s = 2.23 GeV.

Our predictions for the photon asymmeftyare presented The most recent data on charged meson photoproduction were
in Fig.[8. Here we see very large differences between our pobtained by the Hall A Collaboration [65,/66] at JLab. These
dictions (solid lines) and the data for photon enerdigs < data cover a wide range of photon energies {1£1<5.53

6§1g Comparison with the JLab data



A. Sibirtsevet al.: Regge approach to charged-pion photoproduction 11

1.5Fyp—~>7'n E,=1,65CeV| 15F yp—>7"n E,=1.65 GeV typ—>n'nE,=165CeV |  typ—>n'nE,=1.65CeV

1 s'2=1.95 GeV s s'2=1.99 GeV ! F s"=1.9 oeX L o s"=1.99 va
05 n n ok @ o 0 0 L% %
" " i ) : 0 o)
0 . n B : o J
; -1t -1t
0655 1 75000 55" T3 0 05 i 5 005 15
1.5Fyp —>7'n £,=1.95 GeV| 1.5F yp—>7'n E,=2.25 GeV 1-_7p—‘>1t’n E,=1.95 GeV 1-_7p—>‘1x’n E,=2.25 GeV
F o s/=2.13GeV F 57=2.26 GeV

s"2=2.13 GeV E o 5'2=0.26 GeV

ok 4

Polarized photon asymmetry ¥
7 ‘ {. I
- i
|
Target and recoil asymemetries

0] 5 N u 0_- .. [ | | [
[ -1
Y- I T B M T B, W -1 N I A ! M T I B
05 g T 182" %50 o T s T2 Y
1.5F yp—>7'n £,=2.5 GeV L ¥p—>7'n £,=2.5 GeV
1 5"2=2.36 GeV : 5=2.36 GeV
b A i L
0 OW
OF [
_05.| [ R S R kL N R T T N S T
) 0.2 0.4 0.6 0.8 1 ) 02 04 06 08 1 12 14
-t (GeV?) -t (GeV?)

Fig. 8. Polarized photon asymmetry fromp—nTn reaction as a Fig. 9. Target () (filled circles and triangles), and recoil asymmetry
function of —t at different photon energies. The data are taken fro(#) (open circles) foryp—m*n as a function of-¢ at different photon
Refs. [132] (squares) and [123] (filled triangles). Thedbities show energiesE,. The data are taken from Refs. [132] (filled and open
results of our model calculation. circles) and[[130] (triangles). The solid lines are our hesu

GeV) and squared four-momentum transfers {04 ¢<5.6 ©lder experimental results for the highiefregion are simply
Ge\?) - beyond the applicability of our model.

) ) ) Above |t|~2 GeV the data show first an almasindepen-

_ We first consider the data at low energi€s,<2.48 GeV. gent behavior and then increase sharply-asapproaches its
Fig.[10 presents differential cross sections as a functighed maximum value. The largest value corresponds to the small-
squared four-momentum transfer collected from differeat eqgt yalue ofu|, which is related te andt by s-+t-+u=2m2,+m2.
periments([115,118,114,1112)65]. Here the JLab data_[6|5] C@ is known that the reaction mechanism at snjall and at
respond to the stars and they are consistent with previoas Mgy | |¢| involves different exchanges. The reaction at siall
surements. (Note that the other data were taken, in gemralg gominated by the meson poles and cuts included in the Regge
slightly different energies, cf. Figsl [l [2,[, 7.) The sdifiés mqde| constructed in this work. On the other hand, the rising

are the results of our model calculation. They are in lindwityros5 sections at smadl| (large|¢|) observed in Fig_11 are due
the JLab data points faE,>1.65 GeV and for small-¢, but 5 the exchange of baryon resonances.

deviate from the data at around or above 1 GeV. The large | o) region2—t<5 Ge\? of Fig.[11, bothi¢| and

discrepancy afs,=1.1 GeV ory/s=1.7 GeV is to be expected |u| are large and hence the contributions frorandu-channel

bec_ause in this energy region there should be addltlorlimheonexchanges become very small. The main feature of the cross
butions from well established resonances.

sections in this middle region is that they are almost indepe

In Fig.[11 we compare our predictions At,>3.0 GeV dentoft and hence are very unlikely due to nucleon resonances
with the JLab data (stars) and with all other available dataith reasonably narrow widths.e. with widths < 300 MeV.
Note that the older data shown by open circles in the figufée most plausible interpretation can be found from the fpoin
for £,=4.1 GeV and 5.53 GeV are actually from measuref view of perturbative QCD. The essential idea is that ajdar
ments atE,=4.0 GeV and 5.0 GeV, respectively. Howevemomentum transfer the basic interactions must be direcity d
these small energy differences are not important for ow dis the quarks in the nucleon. As was proposed in Réfs.|[139,
cussions here. Obviously only two of the JLab data points/B40] the energy dependence of the reaction cross sections fo
the photon energy,=3.3 GeV are in the-t < 2 GeV? re- this case is driven by the total number of elementary fields
gion. These are well described by our model prediction. Fur-the initial (»;) and final ¢ ;) states. Following dimensional
thermore, they are also in good agreement with data from eamunting for the invariant amplitudé1 [141] the energy de-
lier measurements [1116, 118]. The other JLab data as welll age@ndence of the differential cross section ofithesn ¢ transi-
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& yp—>7m'n £,=1.1 GeV fyp —>'n £,=1.65 GeV & Fyp—>7mnE=3.3GCeV fyp —>7'n E,=4.1 GeV
= 104 1/2_ 3 /2_ > 4 1/2_ [ 1/2_
8 : s/#=1.7 GeV L s/#=1.99 GeV 8 10% s'#=2.67 GeV 1 s/4=2.95 GeV
S| S0
3 S -
— = 10 o
-+ -+ 1F @
o O _
10 ok 10 ¥ ©
; O~
© [ © F * F *OC@ .............
* =2 * N *
L 10 E * 10
M I BT TR B 1 Ly b NG "3 ISR RS B R S A AR A 3 I IR BT N
0 0.2 04 06 0.8 0 0.5 1 1.5 0 1 2 3 4 0 2 4 6
cﬁ; Fyp —>7'n £,=1.8 GeV 7P —>7'n E,=2.48 GeV &;\ | yp—>7'n E,=7.5 GeV
v g s°=2.06 GeV s'2=2,35 GeV (% s'2=3.87 GeV
(@) 10 (@)
3 - 3
3 3
° 1] o o o
> : > o o) ©
S N e e S < 11 S 2 N e O e @ qernne
° [ o @9
E R 10_1 ] . .:I
15 5 10
-t (GeV?) t (GeV?)

Fig. 10. Theyp—=*n differential cross section as a function-ef at  Fig. 11. The yp—=*n differential cross section as a function et

different photon energieB.,. The data are taken from Refs. [115] (in-at different photon energies. . The data are taken from Refs. [116]

verse close triangles). [113,114] (open squares) land [ek2grisk). (filled squares)[[122] (filled triangles), [118] (filled cles) and[[120,

The stars are the experimental results from the JLab Hall #aBo- [121] (open circles). The stars are the experimental refuats the

ration [65]. The solid lines show results of our model cadtian. JLab Hall A Collaboratior([65]. The solid lines show our riésbased
on the parameters listed in Taljle 3. The dotted lines ardtsesh-
tained with Eq.[(3P).

tion is given as

do  |M]PF(t) mi<s s~(im2D-(=2 ()

T 16m(s—mZ 2 16752 general information on the data gm—n~p included in our
m(s=my) . i global fit is listed in the Tabldg 6 afdl 7.
x sT'F(), (32) The measurement of then—7~p reaction can be only

done with a deuteron target. The extraction of data for nega-
tive pion photoproduction from the deuteron reaction issbas
on the so-called spectator modele. the single scattering im-
Ise approximation. Thereby, it is assumed that the proton
e deuteron is the spectator and its role intheinteraction
is only due to the Fermi motion of the bound neutron. This

since for single pion photoproduction=4 andn;=5. Here
F(t) does not depend anbut accounts for the-dependence
of the hadronic wave functions and partonic scattering.

In order to see whether the data shown in[Eij.11 follow t
dimensional counting rule (also called the quark countirig)r

we normalize the expression fdw /df in Eq. (32) with () = is, in principle, a reliable method [144,145,146,147)148,

1 to the data at=5 GeV? and atE,=7.5 GeVii.e. at the high- 1501511 as | th rum distribut
est of the considered photon energies, and then us€ Bqo(32}t." 1] as long as one measures the momentum distribution

predict the cross sections at other energies. These p’rmﬁctdf the proton and one takes only those events which fulfill the

are shown by dotted lines in Fig.J11 and agree remarkably wahectator condition, e. those events where the proton momen-
with the data at all considered energies. It appears thedithetum is smaller than the momentum of the neutron. However, in

mensional counting rule, as given in EQ.1(32), is fulfilledywe practi_ce OfF‘?“ the spectator proton and the final_neutroncare .
well. Such a conclusion was drawn also in Refs][65,66] t5ye" identified. In that case one might expect[150] some dis-
analyzing the JLab data alone. It is an outstandin{g cfwaélen epancies between the model calculations and the datalas we

to understand this smooth-dependence. One possibility is between diﬁerentmeasu_rements. S_ome import_ant_details
to explore more rigorously the handbag mechanismi[142,14 € deuteron experiments will be given in the following ider

which yields a reasonable description of te/x~ ratio. to discuss possible reasons for the observed discrepancies
4 Results foryn — w7 p 4.1 Results at E, > 3 GeV

The strategy for the analysis of negative pion photoprdduct Fig. [12 shows differential cross sections fpt—n~p mea-
is similar to that described in Sectibh 3 for positive piddsme sured[118,118,155] at different photon energies togetfiter
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Table 6. Theyn—=~p data on differential cross section analyzed ienergetic separation between single and multiple piongshot
the present paper.

Differential cross sectionjo /dt

E, NG —tmin | —tmaes | Reference
(GeV) | (GeV) (GeV?) | (GeV?)
1.1 1.7 0.41 1.11| [1I57]
1.1 1.7 0.41 1.11| [I53]
1.1 1.7 | 4.2x1073 1.37 [152]
1.1 1.7 0.25 0.71 [65]
1.65| 1.99 0.72 1.49 | [1I57]
1.65| 1.99 0.42 1.19 [65]
1.8| 2.06 0.80 210 | [152]
1.8| 2.06 0.19 2.64 | [154]
1.8| 2.06 0.48 1.33 [65]
2.48| 2.35 0.69 1.94 [65]
30| 255 0.15 1.16 | [118[124]
332 | 267 0.96 3.64 [65]
34| 269 0.37 1.39 | [118[124]
34| 269 3.0x107° 0.4 [1186]
415| 2.95 1.25 3.47 [65]
5.0 3.2 | 6.8x1073 0.53 [116]
553 | 3.36 3.18 4.73 [65]
80| 399 9.9x107? 0.89 | [I55]

Table 7. The yn—7~p data on the polarized photon asymmeiry

(denoted formerly asl [92]) analyzed in the present paper.

Polarized photon asymmetey

Ey Vs
‘ (GeV) ‘ (GeV)

(GeV?)

—tmaz

(GeV?)

Reference

3.4

3.0
16.0

2.55
2.69
5.56

0.15
0.05
5.5x107°

1.16
0.6
1.19

[124]
[133]
[125]

production was good enough to avoid di-pion contamination.
Single pion photoproduction was studied by using the photon
energy interval of 200 MeV arounkl,=3.4 GeV and 5 GeV.

We should also mention that in Ref. [116] it was observed
that at|t|>0.3 Ge\? the differential cross sections for"-
meson photoproduction on deuterium and hydrogen are almost
identical, while at smaller momentum transfers they digfiln-
stantially,i. e. up to a factor of~2. That was qualitatively
understood from spin and isospin restrictions of the specta
tor model [156]. A similar suppression of the -meson yield
from deuterium at small angles was observed in lower-energy
experiments[[157]. Furthermore, the /7 ratio was evalu-
ated under the assumption that the corrections forther~ 2p
and~yd—m=*2n reactions are the same.

The circles in Fig[[IR are data taken [118] at the Cam-
bridge Electron Accelerator. The results 8§=3.4 GeV are
published[[11B], while the data for the differential croees
tion at £,=3 GeV, mentioned in Ref, [124], are available from
the Durham Data Base [109]. The—r 2p, yd—=2n and
~vp—7Tn reactions were studied by detecting only the-
meson. The reconstruction procedure for the reaction isgtim
identical to that applied in Refl_[116]. The energy of the in-
cident photon was determined by a subtraction method and
could be evaluated to an accuracy-660 MeV in the con-
sidered range from 3 to 3.7 GeV (explored in the search for the
N*(2645) baryon). Under the assumption that the spectator nu-
cleon is at rest the missing mass for an interacting nucleam w
reconstructed in order to separate single pion photoptaxuc
from multiple pion contributions.

L yn—>npE,=3CeV |,y Lyn—>7pE,=3.4CeV

results of our model calculation. Indeed, these are prabtic
all 7~ photoproduction data fat., > 3 GeV that are available
in the literature.

Let us first provide some details on the above experiments
which will be useful later in discussing the observed digere
ancies between the older measurements and the most regent
results from JLab reported by the Hall A Collaboration [65%
66]. In the experiment of Ref [116}d—n~2p, yd—nT2n, ©
and in additionyp—nTn were studied in order to check the 5
validity of the spectator model. The experiment was pertm 3
at DESY with a bremstrahlung beam and by detecting only the
pions with a magnetic spectrometer. At small the relation 3
between the photon energy and the pion momentum is almagst

do/dt (ub/GeV?)

identical to the one for photoproduction on a free nucledmusr 10 'L

by measuring the pion momentum at a given angle one can re-
construct the photon energy. The Fermi motion in the deatero
results in an uncertainty af100 MeV in the invariant mass en-
ergy of the final system. Furthermore, utilizing simulataad-

-1 -1
10 E

[ yn—>7npE,=5GeV

-t (GeV?)

1 - o 1,
0 0.5 1

Y-S
-t (GeV?)

Fig. 12. The yn—7~ p differential cross section as a function -ef

culations of the reaction based on the Hulthén deuteroreway different photon energies.,. The data are taken from Refs, [116]

function it was found that the computed momentum spectryfilled squares),[113,124] (filled circles), and [155] €l triangles).

of the pions is in good agreement with the measured one. TFe solid lines show results of our model calculation.



14 A. Sibirtsewet al.: Regge approach to charged-pion photoproduction

L yn—>np E,=3 GeV (L —>npE,=34GeV g; 102_7n9ﬂ'p E,=1.1GeV Fyn —> np E,=1.65 GeV
T - © T s”=176ev (| s"*=1.99 Gev
ja 0.5f § 3 v
[}
— *
g A e *V Vv
ok E
N
7 A% S .
o © v
c _|-05E, , C
_9 0 1 T T E I Lo v by L
o) 0 0.5 1 0 0.5 1 1.5
< —> 7 =1 V =
a | yn—>mpE,=16Ge 6; Fyn—>npE,=1.8GCeV |, yn—>mpE,=2.48 GeV
T oL 3 o m g [\ s"2=2.06 GeV R s?2=2.35GeV
N O > i
s
O osf [|L-'|:] 0 3
0_ [ -
I ©
i N
ofF o
i o
1 N N N N 1 N N N N 1 N N N N 1 F
0 0.5 1 1.5 10_1|....|....|....|....|.
—t (Gev2) 0O 05 1 15 2

2

Fig. 13. Polarized photon asymmetry fronm—n~ p reaction as a t (GeV )
function of —¢ at different photon energie€;.,. The data are taken Fig. 14. The yn—n ™ p differential cross section as a function et

from Refs. [124] (filled circles) [125] (open squares) éhd@d] (open at different photon energies, . The data are taken from Refs. [153]
triangles). The solid lines show results of our model caltiah. (open circles),[[152] (filled inverse triangles) and [158€d trian-
gles). The stars are the experimental results from the Jlalb Ad
Collaboration[[65]. The solid lines show our results basedhe pa-

Our calculation reproduces the -meson data at,=3.4 rameters listed in Tabld 3.

GeV rather well. The differential cross sectionfat=3 GeV is

described qualitatively. But it looks as if some additiooah- that at|¢|<0.5 Ge\? the differential cross sections far" -

tribution is required for the range eft>0.4 GeV?, say, though meson photoproduction on deuterium and hydrogen differ up

one should keep in mind that the datagt=3 GeV are afflicted to a factor of around 8. The reasons for such a discrepanay wer

by fairly large errors. In this context we want to recall th& jnvestigated in detail and it was argued that the Pauli esiotu

reasonably reproduce the differential cross section atat-po principle explains completely the observed effect. Thevaht

ization data for positive pion photoproduction availabieluand corrections were done for presenting the-meson photopro_

E,=3 GeV, cf. Figs[ L and]3. duction data. Figld2 clearly proofs that we perfectly repro
One could speculate that this deviation of the model resdlice ther ~-meson photoproduction differential cross section

from the data is a signal for an excited baryon with mass atouat ££,=8 GeV.

2.55 GeV. For instance, th€*(2645) resonance was observed  Finally, in Fig.[13 data on the polarized photon asymmetry

in pion-nuclear interactions [158,159] but was not detgate for the reactionyn—n~p [124/12%,133] at photon energies 3,

the photoproduction of positive and neutral pions. If theyba 3.4 and 16 GeV are presented. In these experiments theaeacti

is a member of d/-spin multiplet withU=3/2 it could not be was reconstructed similar to the procedures describedeabov

excited in the interaction of photons with protons becahse tThe model calculation describes the experimental resiéts w

photonis considered to [i€=0. In case of a neutron target both- with exception of some data points.

n and the neutraN* haveU=1 and the corresponding excita-

tion is allowed [118,124]. It is worth mentioning that thése

no obvious evidence for the presence of such a resonance in4l2 Comparison with the JLab data

polarized photon asymmetry shown in Hig] 13.

The data aF,=8 GeV were measured [155] at the StanforBifferential cross sections fern—n~p at photon energies be-
Linear Accelerator. Again only pions were detected and theen 1.1 GeV and 5.5 GeV were reported [65, 66] recently by
reaction was reconstructed by measuring the pion momenttiva Hall A Collaboration at JLab. Although most of the data
distribution resulting from photons near the bremsstnagpllip. were obtained for largg|, at some photon energies the mea-
It was emphasized that such a reconstruction of single pisarements extend to the region|gfk2 GeV? and can be di-
photoproduction is quite reasonable at smallbut becomes rectly compared with our calculation.
impractical at|t|>2 GeV, unless the other final state particles We want to emphasize that this experiment with a deu-
are also detected. To test the spectator mechaniégms2n terium target has some significant advantages as compared to
as well asyp—=+n reactions were studied. It was found [155the other measurements discussed in the previous subsectio
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In particular, both ther—-meson and the proton were detectednd 3.36 GeV.) Interestingly, the situation for negativenpi
in coincidence. Based on two-body kinematics, the incidephotoproduction is somewhat different. While the model re-
photon energy was reconstructed. That allows one to recgmeduces then—x~p differential cross sections gts~2.67
struct the spectator momentum distribution which was foursehd 2.95 GeV quite well up tet|~1.5 GeV?, we observe a
to be in good agreement with the Argonne, Paris and Bommuch more substantial deviation at the lower energies and fo
deuteron wave functions at momenta below 400 MeV/c.  |t|>0.7 GeV2. In particular, at,/s=1.99, 2.06 and 2.35 GeV
The differential cross sections fen—7—p are presented thet dependence of negative pion photoproduction differs dras-
in Figs.[T4 and 5 as a function eft for different photon en- tically from that for positive pions fott|>0.5 GeV?, say. In
ergies. The measurements at JLab were dorg,atl.1, 1.65, fact, within the range).5<|t|<2 GeV* where the JLab data
1.8,2.48, 3.3, 4.1 and 5.53 GeV, which correspongta-1.7, are available, the differential cross sectionsfor— 7~ p are
1.99, 2.06, 2.35, 2.67, 2.95 and 3.36 GeV, respectively. Aoiactically independent of the four-momentum transfeesed.
completeness and for illustrating the compatibility witlher Data from other experiments [152,154] exhibit a comparable
available experimental results we also show differentiabs behavior although they are afflicted by large uncertainhiege
sections from Refs[ [11/6,118,153,152] obtained at alnfest that a very similat dependence was observed in negative pion
same photon energies. photoproduction([118] a¥.,=3 GeV, or/s=2.55 GeV, pre-
It is instructive to recall here the results of our analysgented in Fig_Ti2. This could be an indication for contribng
of the yp—=Tn data by the Hall A Collaboration [65,56] atfrom excited baryons with masses lying around £9%<2.55
the same photon energies and the same rangessfown in GeV. The range seems to be too !arge for a single resonance,
Figs.[10 andl1. There, we found that&=1.7 GeV our cal- unless one assumes the contribution to be from a rather broad
culation substantially underestimates te spectrum and we (=600 MeV) structure.
observe a similar deficiency now far -meson photoproduc-  We note thatthe GWU PWA[87. 101, 160] reproduces nicely
tion. This discrepancy is most likely associated with cibotr 7+ as well asr—-meson photoproduction data@<2.1 GeV.
tions from known resonances in that energy region which dfeparticular, it describes the flatdependence for negative pi-
missing in our model calculation. At the energigs=1.99 and ons. It is unlikely thaty symmetry was implemented in this
2.06 GeV the positive photoproduction spectrijat0.7 GeV?  analysis and the most natural expectation is that the PWA of
is reasonably described by our model calculation, and fer tfhe data yields a much larger photon coupling to the neutron
energies 2.35 and 2.67 GeV even up to roudhk1.5 GeV2. than to the proton for resonances located within the range of
(There are no experimental points|gt2 Ge\ for V/5=2.95 1.99%/s<2.55 GeV. Indeed the SM-95 solutidn [87] finds ev-
idence for the excited baryo$;(1905), D35(1930) and F5;
(1950), but the results for then couplings are not given in
the corresponding publication. In this context, let us riment

&; Eyn—>7np E£,=3.3 GeV fyn—> 1 p E,=4.1GeV that it was shown within thé/N, expansion, based on the ap-
v 104 $'2=2.67 GeV 104  s'2=2.95 Gev proximate dynamical spin-flavour symme$y/(4) of QCD in

Q ; i the largeN, limit [L61[162], that the photoproduction on the
g 3 3 neutron can be larger than that on the proton. Thus, it is con-
= 1k ceivable that the chances for exciting a baryomin—7—p are

5 'F substantially larger than in thes—n*n or yp—np reactions.

} [ 3 Furthermore, according to the systematic study of Ref.[[161
o * X2 one should expect that such an excited baryon is a nucleen, be

—o 10 F * . . A N
10 %, ke 3 ey . *.| cause photo-excitation af resonances should be identical for
0 1 2 3 4 0 1 2 73 4 protonand neutron targets.

§>\ yn—> 7 p E,=5.63 Gev The prgggntly avallaple data are too scarce to allow us to
> 1 F §'2-3 36 GeV draw a definitive conclusion. Apparently new precise measur
O i ments att| < 2 Ge\? and photon energies K&, <3.4 GeV

} 3 are required to clarify the situation. At such energies this
S | range is quite promising for baryon spectroscopy, becatise a
- 10_2; large—t the contribution from hard QCD processes might dom-
3 inate the reaction.

o [ *

T *x..

10_4-. 1 1 - 1 1

5 5Then~ /=t ratio

ol
[&]

Fig. 15. Theyn—= " p differential cross section as a function-ef ~ Quite interesting information on charged pion photoprdidunc
at different photon energies},. The data are taken from Refs, [118]is provided by the rati®® of the yn—7~p to yp—7*n dif-
(filled circles) and[[116] (filled squares). The stars aregkgerimen- ferential cross section as a functiontaind the photon energy
tal results from the JLab Hall A Collaboration |65]. The solines or /s. Since at smallt| (|t|<m?2) single pion photoproduc-
show our results based on the parameters listed in Thblee3ddtted tion is dominated by-channel pion exchange, it follows that
line shows result obtained by EB.{32) and normalized tohen*n  R=1 — independent of the energy. At moderat#e interfer-
data as explained in the text. ence between the and p exchanges is expected to result in
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a decrease dR as|t| increases, following Eq[]1). With fur-
ther increase oft| the contribution of pion exchange vanishes+c oL —0.035t<0GeV? | 7 —-0.75t<-0.3 GeV?
andp exchange dominates so that one might expect a return tg: I
R=1. However, since other contributions, summarized in Ta-

ble[d, could be sizeable the evolution®fwith ¢ is not trivial. 1.5 _ 1.5 3
Thus, this evolution directly reflects the presence of dbutr < I . [
tions to the reaction amplitude from exchanges with difiere ~_ 'f * t : Tt
quantum numbers. e ¢ L4
i . L -
Note that ther~ /7 ratio at larggt| can be compared with £ 05 ; 0.5 Fx '*; .: ) |

the handbag calculations [163,1/42,143] based on hard gluo . . L
exchange. Therefore, it is important to inspect the behafio 0™ 2 4 & o= 2 4 &
R when approaching-t~2 Ge\2. Here one expects the tran- &
sition between perturbative QCD as modelled by Regge theory
(@)
and hard QCD processes. S

- L
. . Lo
Figure[ 16 shows the rati® of theyn—n"p to yp—nTn Qc:)

2f-1.35ts-0.7 GeV?| ,f

1.5F 1.5F
differential cross section as a function of the four-momemnt [ [ J,‘
transfer squared. Here we include data for photon energles 3 i
E., <16 GeV. In each of the experimenls [125,1016]118| 155] . .

the ratioR was measured for a fixed photon energy as a func- g 5[ 4 x ! ‘ 0.5F *} ¢ ¢
tion of ¢ or of the pion production angl@;. The data exhibit i #

a very specifi¢-dependence, that is almost independent of the 0 2 ) ) L 0 L
energy. Approaching = 0 the ratioR is close to 1, as ex- 2 4 6 2 4 6
pected from the dominance of pion exchangg|atm?. Then NE (GeV) 52 (GeV)
the ratio decreases because of the interplay between tloeisar

l%ontr(;butlons to éhe plhotf'productlon_ ﬁ]‘mp"t“d? “Stﬁd abl'é tion as a function of invariant collision energy shown foifefient in-
and entering EqL{1). FIOWEVET, W'.t increasingthe ratio tervals of the four-momentum transfer squared. The filledes are
does not converge to unity as one might expect from the dOrQJ('perimentaI results from Refs. [116,125,1.18]155], while stars

nance of exchange. This clearly indicates that with increasinggicate data from JLah [65.56]. The bands show the variatioR
—1 the reaction is still governed by contributions from seVerg;ithin the indicated range dfas predicted by our model.

different processes and that one will not able to reproduck s
at dependence within a simptfet-p model.

T
——
T

Fig. 17. The ratio of theyn—=~ p to yp—= " n differential cross sec-

Ther~ /7 ratio was also measured recently at JLab by the
Hall A Collaboration[[65,66]. As mentioned above, this expe
iment was motivated by hard QCD physics [139,/140] and de-
voted to pion photoproduction at lar¢ge. Although it is diffi-
cult to provide an estimate for the absolute value of thetieac
cross section within QCD inspired models, predictions far t
7~ /= ratio and for some polarization observables at lathe
can be made with more confidente [142/143]163]. Indeed, the
calculations of Refs| [142,143] reproduReat large—t rather
well. Part of the data were also taken foj<2 Ge\#, which
allows us to compare those data with our calculation and to
search for a signature [139, 140, 142,1143] of the transftimm
pQCD, modelled by Regge theory, to hard QCD.

On the other hand, the JLab experiment|[65, 66] was done
at different photon energies and for fixed angléan the over-
all cm system, which complicates the comparison with other
results. Specifically, it is not possible to evaluate thiepen-
dence of ther™ /7 ratio from these data and compare it with
either that of the other data sets or of our model.

The solid lines in Fig._16 show our results fbr,=3.4 and
16 GeV. The model reproduces thedependence qualitatively

2 and exhibits only a mild dependence on energy. Note thatmwith
—t (Ge\/ ) this energy range the differential cross section itselhgies by
Fig. 16. The ratio of theyn—=~p to yp—= T n differential cross sec- almost two orders of magnitude, as is visible in Figs. 1[dnd 2.
tion as a function of-t. The data for 3.4 F., <16 GeV are taken from In any case, we can directly test the model by considering
Refs. [116] (filled squares). [125] (open circles). [118]¢fi circles) the /s dependence of the ratiR at fixed values ot. Since
and [155] (filled triangles). The two solid lines show ouruks ob- the data are not available at exactly the samee can select
tained for£,=3.4 and 16 GeV. appropriate ranges. This is done in Higl 17, where we display
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the dependence & on the invariant collision energy’s for reaction. Evidently, the validity of this conjecture can de
differentintervals ot. The band indicates the variation®Bfas amined via the analysis of data reported very recehtly![b§4]
predicted by the model for the selected rangé of the CB-Collaboration at ELSA. Note that in the framework of
Obviously ther— /= ratio obtained from experimental re-the 1 /N, expansion based on the approximate dynamical spin-
sults available at -0.08t<0 Ge\? is close to unity at ener- flavour symmetrySU (4), of QCD in the largeV., limit, it was
gies 2.K,/s<5.6 GeV. That is exactly what one would expecshown [161, 162] that photoproduction on the neutron can be
from the pion exchange dominance/dm?2. This feature is very different from that on the proton. Furthermore, acauyd
reproduced by the model. With regard to other interval$ ofto the systematic study of Ref. [1161] one might expect thelhsu
which we have considered, the data abg®e~2.5 GeV from an excited baryon is a nucleon, because photo-excitatiah of
Refs.[125,116,118,155] are well described by our modet. Fuesonances is identical for proton and neutron targets.
thermore, the JLab data [65/66] available at the same arsergi  Further progress in understanding the observed discrepan-
are in good agreement with other data and also with our cales requires new dedicated experiments omthe>7—p and
culation. However, in the range k7/s<2.5 GeV, the ratio of yn—n"n reactions at photon energies .6, <3 GeV. Ap-
the yn—n~p to yp—nTn differential cross section shows gparently polarization measurements are necessary toesnabl
clear resonance-like structure, which is most prominemtly reconstruction of the quantum numbers of the excited baryon
ticeable at 0.%|¢t|<2 Ge\~. This observation is consistent with
the conclusions we drew from our analysis of the differen-
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model parameters such as the helicity couplings by fitting ¢cOSY-085).

perimental results on differential cross sections, thapznéd
photon asymmetry and recoil and target asymmetries.
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