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Abstract. A Regge model with absorptive corrections is employed inobal analysis of the world data on the reac-
tionsyp—n’p andyn—="n for photon energies from 3 to 18 GeV. In this region resonaoceributions are expected

to be negligible so that the available experimental infdramaon differential cross sections and single- and double
polarization observables att<2 GeV* allows us to determine the non-resonant part of the reaatigplitude reliably.

The model amplitude is then used to predict observableshiotom energies belo® GeV. A detailed comparison with
recent data from the CLAS and CB-ELSA Collaborations in #rargy region is presented. Furthermore, the prospects
for determining ther® radiative decay width via the Primakoff effect from the ré@eyp—=p are explored.

PACS. 11.55.Jy Regge formalism — 13.60.Le Meson production —QL3.6Photon and charged-lepton interactions
with hadrons —25.20.Lj Photoproduction reactions

1 Introduction andb, exchanges. Again, the free parameters of the model are
fixed in a global fit to high energy data. Specifically, in our fit
Recently we have completed [1] a systematic analysis of page include data onp—7’p differential cross sections and sin-
itive and negative pion photoproduction at invariant sidih  gle and double polarization observables available in tleegn
energies,/s>2 GeV. The main purpose of our study was toange 3 E,<18 GeV but with the restriction-t<2 Ge\~.
inspect whether the presently available data indicate &y eThose data were obtained around or before 1980. After that
dence for excitations of baryons with masses up to 3 GeVwe proceed to analyse data on neutral pion photoproduction
higher and to examine the issue of which observables migit the proton collected recently by the CLAS Collaboratibn a
be most suitable for further pertinent investigations. @ha- JLab [2] and by the CB-ELSA Collaboration in Borifi([3,4] in
lyis was based on a Regge model with absorptive correctidhs energy region2£., <3 GeV.
that took into account thg, by, anda. trajectories and pion A strong motivation for studying neutral pion photoproduc-
exchange. Free parameters of the amplitudes were fixed itica is provided by the occurence of the well-known Primé&kof
global fit of the world data on differential cross section aneffect [5]. This effect is connected with the contributiditioe
single polarization observables available at high ensrgie at one-photon exchange amplitude and manifests itself thraug
v/s>3 GeV. In this region resonance contributions are expectedge differential cross section at very forward angles ®he-
to be negligible so that the available experimental infdiama photon exchange amplitude, in turn, is directly connectid w
allows one to determine the non-resonant part of the raactihe 7° radiative decay width and proportional to the charge of
amplitude reliably. The model amplitude was then used te pthe targetZ. The 7°—~~ decay amplitude is related to sym-
dict observables at energies below 3 GeV. Differences tmtwametry breaking through the axial anomaly and reveals one of
the model predictions and data in this energy region were sitse fundamental properties of QCD[[6,7.8.9/10, 11, 12,13].
tematically examined as possible signals for the presefice o The fact that the differential cross section due to the Pri-
excited baryons. makoff amplitude is proportional t&? initiated strong activi-

In the present paper we extend this analysis to neutral pites in the determination of the”-meson radiative decay from
photoproduction. Guided by our previous study of charged pimeasurements with nuclear targets|[14,15,16,17.18, 19]. |
photoproductiori[1] we use again a gauge invariant Reggesindded, most of the results [15]161[17,18] on the neutral pion
which now comprises Regge pole and cut amplitudegfar, lifetime, given by the PDG[[20], were obtained by utilizing
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the Primakoff effect. A very precise experiment (PrimEx) on Each Regge pole helicity amplitude is parameterized as
the determination of the’—~~ decay width fromr®-meson
photoproduction on nuclear targets is presently perforated Fla.t ; 1+Sexp[—ima(t)] | s ah-1 1
JLab [21]. (5:8) = ™00 Hra] TTa(?)] LJ - @

It was argued[[14,201,22], however, that pion absorption
on nuclei as well as the interference between the one-phovderes is the invariant collision energy squareds the squared
exchange and the nuclear amplitude may complicate the digtar-momentum transfer angg=1 Ge\* is a scaling parame-
analysis and significantly affect the accuracy of the resoifi- ter that allows us to define a dimensionless amplitude. Eurth
tained on ther’-meson lifetime. While the one photon exmore,3(t) is a residue function$ is the signature factor and
change amplitude is explicitly given by theory, the evahmt «(t) is the Regge trajectory.
of the nuclear amplitudes requires a precise knowledgeeof th From Eq.[1), we see that the factan[r«(t)] would gen-
elementary amplitude on a nucleon and the spectral functieate poles at<0 whena(t) assumes the valuds —1, .. ..
of the target nucleus. Although ti#-argument clearly favors The functionl"[a(t)] is introduced to suppress those poles that
nuclear targets, this advantage might be completely countée in the scattering region because
balanced by the benefit of the’-meson photoproduction on
the proton where one has a much better handle on the hadronic T'a@®))I'l — a(t)] =
part of the production amplitude. Therefore, in the pregant
per we will re-examine [23] the prospects for determining th

7Y radiative decay width from neutral pion photoproduction Ofhed by the quantum numbers of the particles at the inteacti

a proton target_. ) vertex, similar to the usual particle exchange Feyman diagr
The paper is organized as follows. In Sect. 2 we formulate goth natural and unnatural parity particles can be exchénge

the reaction amplitudes. The parameters of the global figho h i, the t-channel. The naturalnegs for natural (V=-+1) and

energy data are given in Sect. 3. The analysis of neutral pigfnatural ('=—1) parity exchanges is defined as
photoproduction at high and low energies is given in Sects. 4

and 5, respectively. Results for the ratio of the—="n and N=4+1if P= (_1){
~vp—nOp differential cross section and the total cross section N=—1if P=(—1)/* 3)
for the neutral pion photoproduction from the proton are pre - o ’

sented in Sect. 6. In this section we also examine the ene{gyere p and.J are the parity and spin of the particle, respec-

dependence_ of the data _for fixed four-momentum transfer. t|{7ely. Furthermore, in Regge theory each exchange is eenot
Sect. 7 we discuss the Primakoff effect on the proton tanget a,,, 5 signature facto§=-+1 defined as[24,35,36]
explore the prospects for future experiments. The papes eng S

™

)

sin[ra(t)]

The structure of the vertex functigh(¢) of Eq. (1) is de-

with a short Summary. S=PxN=(-1), (4)
which enters Eq[{1).
) ) To proceed further we should specify the trajectories that
2 Reaction amplitudes contribute to neutral pion photoproduction. Note that thezn

anisms for charged and neutral pion photoproduction aferdif
ent. Indeed, for charged pion photoproduction pion exchang
Yominates at smaltt while w-exchangeis forbidden altogether.
Bor r-meson photoproduction just the opposite is the case.

b|hnes the Eter?gﬁ pole a_mdt%ut _a;nplltltjldesp;pﬁ; and bldz(ﬁ-ae One of the significant differences between the data on neu-
changes. 'gh energies tne inteéractions betore an "tral and charged pion photoproduction is the presence of the

T o oo e D the 11 iferental crosssectons a he squarec
9 y Your-momentum transfer~—0.5 Ge\2. A similar dip is also

Such a scenario can be related to the distorted wave appr?ﬁ’served in other reactions. For instance, inithe—m0r re-

mation and provides a well defined formulationl[24[25,26,27 " : . :

28[29] for constructing Regge cut amplitudes. This apgrpa C“?}” su_ch a}dt|pdr?3ltjrllts Iro_m ttlpeex[%h?ange amplitude and its
hich can also be derived in an eikonal formalism|[30] wit osition is related to the-trajectory [37], . -

w N Therefore, one expects thatexchange might dominate the

s-channel unitarity[[31], is followed in our work. Detailedsd ~p—m0p reaction too. Indeed, the square of the amplitude of
cussions about the non-diffractive multiple scatteringeo- Eq. 1) for thep-exchange is proportional to

tions involving intermediate states which differ from tiéial

and final states and the relevant Reggeon unitarity equssdien |F(s,t)]? o 1 — cos[ra(t)], (5)

given in Refs.[[24, 32,38, 34]. For simplicity we do not catesi

these much more involved mechanisms which would increagich has a zero atv-0.6 Ge\?, when taking the-trajectory

significantly the number of parameters to be fitted. as obtained recently in a fit [37] to the available data for the
We use the-channel parity conserving helicity amplitudesr—p—n%n reaction. Note that the additional contributions to

F; (i=1,...,4). Here F; and F, are the natural and unnaturathe reaction amplitude.( b;) can move this zero closer to ex-

spin-parityt-channel amplitudes to all ordersdnrespectively. perimentally observed value.

F3 and Fy are the natural and unnatutathannel amplitudes In theyp—n%p reaction there is no difference between the

to leading order irs. p andw-exchanges if their trajectories are the same. Thus in

Guided by our previous analysis of charged pion photopred
tion [1] we use a gauge invariant Regge model which co
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Table 1. Correspondence betweerthannel pole exchanges and th&able 2. Parameterization of the residue functigf@) for the am-
helicity amplitudesF; (i=1--3). Here P is parity, J the spin,I the plitudesF;, (i=1,2,3). Herec;; is the coupling constant where the
isospin,G the G-parity, N the naturalness anfl the signature factor. double index refers to the amplitudend the type of exchangg as
specified in the Table.

F,|P|J|I| G| N | S| Exchange
Fr | -1 |1|1]+1]+1|-1 p ‘ B(t) ‘ Exchange‘ j
Fl-al1|lo]l+1]+1] w Pole amplitudes
|41 1|1|+1]-1]-1 by Fi | e p 1
Fz|-1]1|1]|+1]+1]-1 P F1 | cio w 2
F3|-1|1|0|+1|+1]|-1 w Fa | cast by 3
F3 C31 t P 1
F3 C32 t 2
some previous studies [38] both contributions were comsitlie Cut amplitudes
as just one exchange amplitude. However, in our study we trea Fi | c1a exp[dat] p 4
P andw exehanges _separately, be(_:ause any possible difference Fi | e1s expldst] 5
in the amplitudes might play a role in describing observa[86€),
40[41]. For instance it could allow us to fix the ratio of the F1 | ci6 expldst] b 6
yn—m'n and yp—7p differential cross sections. Note that Fy | coat expldat] p 4
in these two reactions the contributions from the isoveetor Fy | cost expldst] w 5
change enter with a different sign, whereas the isoscalar ex Fy | cast expldst] by 6
change is the same in both cases.
The contributions of the andw-exchanges to the reaction Fs | caat expldat] P 4
amplitudesF; are indicated in Tablel 1 together with the rele- F3 | c35t expldst] 5
vant quantum numbers. Bofhandw have natural parity and Fs | ca6t expldst] b1 6

contribute toF} and F3. It was argued([40] that if there are
no other contributions one would expect that the photon asym
metry 3’ would be predominantly +1. (However, note that
vanishes at forward and backward directidns [42].) Thistan ap, = 0.51+0.8¢. (7)
easily understood when considering the relations between t . . .
observables and thiechannel parity conserving helicity am_Tbew-trajectg)ry was parameterized by Eg] (6) with the slope
plitudes given in the Appendix A. Experimental datal[43,44) =0-8 GeV 7, i. e the same value as for other trajectories.
available at high energies shows that the asymmetry indelfdf Parameter, for w-exchange was fixed by afit to the data.
is consistent with +1 for values above -0.4 and below -1.1, 1€ residue functions(¢) used in our analysis are com-
For -1<t<-0.4 Ge\? there is a dip in the asymmetry and gpiled in '_I'abld]Z. They are similar to the ones used in some of
t~-0.5 Ge\? it drops toX~0.7. Thus, one needs to take intg'€ Previous analyses [39,/49]. These residues are slititly
account additional trajectories that yield contributidashe ferent fr_om Fhose applied in our study of _charged plon_photo-
unnatural-parity amplitude, and F,. Indeed, the leading, Production[1] because here we use explicitely fhéunction
trajectory, which we already used in the analysis of chargiithe amplitude parameterization of Egl. (1). _
pion photoproduction contributes 6, cf. Table(d, and, there- N defining the Regge cut amplitudes we use the following
fore, we include it here too. parameterization based on the absorption madél [35, 89150,
As we discussed in Ref.][1] the empirical information abo?]
those trajectories that yield contributionsiy is very sparse. . ae(t)—1
Hence, we neglected this amplitude in our analysis of cltarge  f(5, ¢)= mB(t) 1+S exp[—imac(t)] {i} 8)
pion photoproduction. For the same reason we also neglect "7 log (s/s0) sin[mac(t)] I'lewe(t)] | so ’
in the present study. Our decision can be justified by conside . . . i
ing the datal[45,46,47] on the targé&t)(and recoil ) asym- with the trajectories defined by
metry, available for the;p—=p reaction at photon energies
above 4 GeV. Since they fulfill roughlfj~P one can conclude Qe =0+ ———,
that F,~0, based on the relations given in Eqs.](17) dnd (18) ot ap

of A_lpr;])endi_x A. We will disli:use thri]s gohm b_eI0\|/y. f whereay and«’ are taken from the pole trajectory given by
e trajectories are taken in the following linear form, Eqs.[6) and(7), and»=0.2 QeV‘2 is the slope of the Pomeron
a(t)=ao + o't (6) Lr;’;\ej[%ctory. The residue functiopit) of Eq. (8) are given in Ta-
where the intercept and slope for thendb; trajectories are  In the very forward direction of thep—7°p reaction there

taken over from analyses of other reactidn$ [1,24,37,48]. BS an interference of thé; amplitude with the one-photon ex-
plicitly we have for thep andb; trajectories change amplitude, which is known as Primakoff effett [5]isTh

effect allows to determine the radiative decay width oftHe
a, =0.534+0.8¢, meson. However, the experimental resolution of thes7%p

r !
a'apt

)
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Table 3. Parameters of the model. Herg is the coupling constantfor __ 10 = E=35Gev 10 F o 7 Gy
thei-th amplitude and the typgof exchanged; is a cut-off parameter > 7p 42 P € F P 1/;1 P o€
. [ =2.73 GeV [ s/%=2.9 GeV
for the Regge cut amplitude. &) [
~ L
. 0
J Cij d; 2
i=1 i=2 i=3 5, Y ¥
1| -120 - | -9 | - SOF
2| 414 - 561 | - © i
2L 1 1 1 1 1 1 1
3 . 8.1 - - 1100 0O 05 1 15 2 1100 0 05 1 15 2
4| —2572 | 1174 | —6278 | 3.59 L PP E,=45Gev E yp — n°p E,=5 GeV
5| —189 | —48 | 375 | 064 & f s7=3050ev F o 977=3.2Gev
6 | 3055 —1403 7526 3.65 } TF 1 -4
3 F F
Tt \ 10k Q
. . - o
data available presently is insufficient to resolve the pheton © C C v
exchange amplitude. Thus, we omitted the interferencenegi oL , , AN , , , \
i. e [t|<0.04 GeV? from the fit in order to fix thef; ampli- 0 05 1 15 2 0 05 1 15 2
tude. But we add the one-photon exchange amplitude Iate@n : ’}'p—‘)ﬂ“p E,=6 GeV L vp —‘)ﬂ°p E,=9 GeV
and compare the results with the—="p differential cross & 1 | s'2=3.48 Gev " E s'2=4.21 Gev
sections available at very forward direction. > : :
The relations between the observables analyzed in our study [
and thet-channel helicity amplitudes are summarized in Aps ;5L 0L
pendix A. The relation between th&, the s-channel helic- \ E E
ity amplitudes and the invariant amplitudes are given in Apo i
pendix B. _d . =5 . . .
0 o8 1 15 2° 0 0B 1 15 2
§>\ r 7p—>an—126eV I yp—>7°p E,=18 GeV
o TE  §2-4.83Gev "E s'#=5.89 Gev
3 Parameters of the model N
% 10_15'
The resulting parameters of the model are listed in Tabléa. T« i
achievedy?/dof amounts to 1.4. We find that there are som‘e\ 104 o
inconsistencies between data from different experimdiniss, f
itis not possible to improve the confidence level of our globa  _5 . - . . .
analysis unless these inconsistent data are removed frem th e ) 20 0o T s i
data base. However, it is difficult to specify sensible cidtéor —t (GeV?) —t (GeV?)
pruning the data base. Fig. 1. Differential cross section foyp—=p as a function of-t at

The intercept of theu-trajectory att=0 obtained from the different photon energie&.,, or invariant collision energieg/s. The
fitis a,=0.641-0.003, which indeed differs from that obtainediata are taken from Refs. [53] (filled inverse triangles¥] [fopen
for the p-trajectory. The coupling constants listed in Table 8iangles),[55.56] (filled squares), [57]44] (open cis)l€58] (open
show that in case of the cut amplitudes there is some comperssgiares) and_[59] (crosses). The solid lines show the eestilour
tion between the, w andb; -exchange contributions. Howevermodel calculation.
tiny differences in the trajectories are reflected in vefffedi
ent couplings for the cut amplitudes. Furthermore, we firad th .
the squF'ziongis very sensitivepto the differential crosstisecin 4 Resullts of the fit
the vicinity of the dip. Indeed the dip structure resultsirthe
pole amplitudes. Since there are many data available atbendOur results for theyp—="p differential cross sections at pho-
dip,i.e att~-0.5 Ge\#, the parameters are well constrained bton energies above 3 GeV are presented in[Big. 1. The model
these data and the solution turns out to be stable. reproduces the data quite well. As we discussed previohsly t

In order to avoid any dependence of the fit on the startiigita indeed suggest a minimum or shoulder around the value
values of the parameters we have used the random walk method —0.5 GeV2, which was not observed in the differential
to construct the initial parameter vector and we have regeatross sections for thep—n*n andyn—=~p reactions. Fur-
the minimization procedure. This allows us to practically e thermore, the dip becomes more pronounced with increasing
clude that we obtain just a local minimum. Furthermore, an aphoton energy.
ditional examination is has been done by exploring the tesul In Fig.[2 we display the data on the polarized photon asym-
for the parameters correlation matrix in order to find out hometry available for the reactiopp—=p at photon energies
unique the found minimum is. above 3 GeV. The data [67.144] at the energigs4, 6, and
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1.5 yp—>7'p E,=3 GeV 1.5 yp —>7°p E,=4 GeV a

I s'?=2.55 GeV I s'?=2.9 GeV 2

o + L “E’
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> 0.5 | 0.5
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§ o 0.5 1 15 0 0.5 1 1.5 i

o 1.5 yp —>n°p E,=6 GeV 1.5 yp—>7n°p £,=10 GeV a

a I s'2=3.48 GeV I s'2=4.43 Gev .

- | I ‘

g L L

= 1F 1F Q

5 L

g | : O GTTT03 04 05 06 07 08

0.5f 0.5} —t (GeV9)

r . . r . . Fig. 4. a) Recoil asymmetry foyp—n°p as a function of-¢. Open
0 0.5 1.5 0 0.5 1.5 circles are the data [47] obtained at photon energies from73GeV.

1 i
-t (GeV?) —t (GeV?®)  Thelines show the Regge calculations at photon energies 3 GeV.
Fig. 2. Polarized photon asymmetry fop—=°p as a function of-¢ ) lllustration of the Worden inequality given by Ef. {10)Jo€ed cir-
at different photon energids, or invariant collision energieg’s. The ~ cles are the difference betweéhtaken from experiment [47] antt
data are taken from Refé. [43] (filled triangles) and[57,@tfen cir- given by the Regge calculation. The solid lind is X' with the polar-

cles). The solid lines show the results of our model calcat ized photon asymmetry taken from the calculations. The ethsine
indicates the casg®—1'|=0.

1+ The open circles in Fifl] 4a) are experimental results for the
recoil asymmetry in the reactioyp—="p for incident photon
energies between 3 and 7 GeV|[47]. These data allow us to ex-

or Ay Iy amine whether the target and recoil asymmetries are differe
= : 1 A This issue was considered in Réf. [47] via a direct compariso
2 ! of experimental result$ [45,46,/47] available for the taayed
g . . . recoil asymmetries. It was argued tHat P, so that there must
£ 0 05 ! "5 2 be higher order contributions to the—=°p reaction. Indeed
s 1 following Egs. [1¥) and(18) the amplitudd is not negligible
S in such a case.
'§ However, as remarked in Ref. [47], the measurements of

the target and recoil asymmetries were done at different ene
gies andP is averaged over photon energies ranging from 3 to
7 GeV. In particular, it was emphasized that without reatgal
lations any conclusions remain quite speculative. Now we ca
investigate this issue in more detail. The two lines in Ela) 4
show the Regge results fé,=3 GeV andE,=7 GeV. Indeed
the asymmetrie® obtained at the two energies are slightly dif-
ferent. The calculations reproduce the data fairly well ioch
that we conclude that there are no solid arguments to claain th
T+#P at high energies and thus to speculate about any signifi-
cance of theFy amplitude.

10 GeV are sufficiently precise and clearly indicate a dippath Wogg:ngg;&;(ﬁt?}ggﬁlg?vgf‘t‘);an by done by applying the

t~-0.5 Ge\?. The Regge calculations reproduce the experi-
mental results resonably well. P-T|<1-% (10)

Next we take a look at the data available for the tar@dt (
and recoil ) asymmetries. Fid.l3 shows experimental resulesmd shown in the Fid.]4b). Here the closed circles indicate th
on the target asymmetry of thep—=%p reaction at a photon difference between the experimental restilts [47]Foand the
energy of 4 GeV. The data [45,46] at the same energy are frealculation forl". The solid line is the difference— X with the
independent measurements. The solid lines are the reghk ofpolarized photon asymmetry taken from the calculation.eNot
Regge calculations. They are in agreement with the datarwittthat in this case the Regge results are in good agreement with
experimental uncertainties. the data on th& and X~ asymmetries. Fid.l4 illustrates that the

0 05 i 15 2
-t (GeV?)

Fig. 3. Target asymmetry fofyp—=°p as a function of-¢ at photon

energyFE,=4 GeV or invariant collision energy’s=2.9 GeV. The tri-

angles are data from Ref. [46], while the squares are from [REF.

The solid lines show the results of our model calculation.
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inequality [29] given by EqL{J0) is satisfied within the expe

7. <10 F o _ 10 o —
mental uncertainties. s F 7o —> m'p E,=2.02 Gev f P —>mp £,=2.23 GeV
3 F s'2=2.16 GeV F s'?=2.25 GeV
\ -
0
3

5 Predictions at energies below 3 GeV =

©
In this section we compare our predictions with older data fc%
energies below 3 GeV but also with the most recent experimer® | [
tal results[[Z, 3] for differential cross sections collettey the _1 -1

CLAS Collaboration at JLab and by CB-ELSA in Bonn. Both 10 o T e 20 oo T 2
latter experiments cover the energy range upto~3 GeV. &7 "0 £ yp—n°p E,=2.27 GeV | 'O F yp — n°p E,=2.35 GeV
As pointed out in Ref.[[2] the JLab results disagree with th ; s'2=2.27 GeV . s'2=2.3 GeV

CB-ELSA measurements at forward angles. It will be inters<

esting to inspect the observed discrepancy with regardeo tI%

predictions by the Regge model. One knows from the case of ! 3

charged pion photoproduction say, that the Regge phendmeng_

ogy works well for forward angles even downit,~2 GeV. S
As stressed in many studies [24,[52,29], the Regge theory

is phenomenological in nature. There is no solid theoretica 10 ;——gz————7z—10 =T

i i i ici — 10 10
derivation that allows us to establish explicitly the rangd ¢ > £,=2.45 GeV > £,=2.55 GeV
§'%=2.37 GeV

E vp E vp

t ands where this formalism is applicable. Since there are sew%
eral well-known nucleon resonancés|[20] in the energy ranéé
up to+/s~2.6 GeV, identified in partial wave analysés [60,61,{3L
62/63.64] of pion-nucleon scattering, we expectthatdmna ~— 1
of our predictions from the data will start to show up for ener® :
gies fromE,~3 GeV downwards. But it will be interesting to o

see whether and in which observables such discrepanciesﬁ-

s'2=2.34 GeV

deed occur. 10 'L L L L 107 'L L L L
We also present results utilizing the amplitudes from the_ 10 :O °'5° 115 24, :O_ 95 . 115 2
partial wave analysis (PWA) of the GWU Group [65,66,67% PP e E,=2.7 Gev F 7P 2P =3 CGev
68], which was recently extended up\&~2.55 GeV[2]. The © s7=2.44 Gev ' =255 Cev
results we display are based on the current solution taken fr &
the interactive program SAID [69]. The interesting querstioS 1L 1L
here is whether there is an energy region where the PWA rgr
sults are in agreement with the Regge calculations. Thisld/vou}
be an indication that the PWA solution might have approachéd I
the high energy limit given by Regge phenomenology, at least 1oL , , , 107 L , , ,
in terms of the considered observables. 6 o5 1 15 2 6 o5 1 15 2
In Fig.[5 we display differential cross sections fgr—n%p —t (GeV?) —t (GeV9)

at photon energies from 2.02 to 3 GeV. This energy region c@ig. 5. Differential cross section fofp—7°p as a function of-t at
responds to invariant collision energies of 218s<2.55 GeV. different photon energieg., or invariant collision energieg/’s. The
As expected with decreasing energy the predictions of tiygRedata are taken from Ref$.1[2] (filled triangles), [3] (filleidates), [54]
model differ more and more from the data. But at least dovi@pen triangles) and [35.56] (filled squares). The soliddishow the
to roughly,/s=2.34 GeV the results are still fairly well in line results of our model calculation. The dashed lines are thdtebased
with the experimental information, considering the vacias ©On the GWU PWA[[69].

between the existing measurements. Note that the Reggd mode

reproduces the strong rise of the cross section for verylsmal

angles, as seen in data from Réf.|[54},&=2.55 GeV, very Which it was fitted) very well up to photon energies of 2.55
accurately. GeV or invariant energies of/s=2.37 GeV. Also, for invari-

It is evident from Fig[b that there is a systematic disagre@nt collisions energies around 2:32.37 GeV the GWU PWA
ment between the CLAS resulis [2] (filled triangles) and thH@sults and the Regge calculations are similar, at leaditatua
ELSA measurement (filled circles) at the higher energies, éiyely and for the range 05 —t < 1.2 Ge\?. Itis important to
pecially in the forward direction. With regard to our Regge r note that our model does not include any resonance contribu-
sults there is no clear preference for any of the two measufi@n. The GWU PWA indicates the presence of tig (2400)
ments. However, at least in the vicinity of the dip or shoulded-resonance at the upper end of the fitrty elastic scattering
our results are definitely more in line with the ELSA measuréata [68]. But it remains unclear whether this resonanae als
ment. We would like to emphasize that neither the CLAS né@s a noticable impact on their results for neutral pion ghot
the ELSA data were included in our fit. production.

One can see from Figl 5 that the GWU PWAI|[65/66/.67,68], The polarized photon asymmetry, measufed [70] at photon
shown by the dashed lines, reproduces the data from JLAB éioergies from 2.1 to 2.75 GeV, is shown in Hig. 6. Unfortu-
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Fig. 7. Target (filled squares) and recoil (open squares) asymesetri
for yp—=p as a function of-¢ at different photon energiek., or
invariant collision energies/s. The data are taken from Refs. [70].
The solid lines show the results of our model calculatiore @ashed
lines are the results based on the GWU PWA [69].

o
o

Polarized photon asymmetry %

[ 1
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1. 1. /2 _ 1/2_
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Fig. 6. Polarized photon asymmetry fop—=’p as a function of-¢ a | L7 | e
at different photon energids, or invariant collision energieg’s. The % ok PN 7 ol PN ,
data are taken from Ref$. [70]. The solid lines show the tesfilour 3 _\W > 2 ~
model calculation. The dashed lines are the results basttedBWU o L + + L
PWA [69]. - - + +
_1-....|....|....|.... _1-....|....|....|....
0 0.5 1 15 2 0 0.5 1 1.5 2
nately, the experimental results are afflicted by large ttage t (GeV?) t (GeV?)

ties and, therefore, do not allow us to draw any more quantitag, 8. Double polarization parametét for yp—=Cp as a function of

tive conclusions on the reliability of the Regge predicioBut ¢ given at different photon energids, . The circles are results from

the results are roughly in line with the data over the whole eRef. [45], while the squares show the data from Ref] [74]. $tid

ergy region. The GWU PWA is in reasonable agreement wilhes show the results of our model calculation. The dasimed lare

the data at 2.1 GeV, but develops a qualitatively different bthe results based on the GWU PWA [69].

havior with increasing energy. The data seem to indicate the

presence of a dip at arourid-0.8 Ge\? at almost all shown

energies. The Regge model produces such a dip, but nearghe exhibit a significant variation with four-momentum san

valuet~-0.5 Ge\?, while the results from GWU PWA exhibit fer squared. Apparently, at these energieéP. The Regge

a dip structure only at the lowest energy considered. calculations reproduce the recoil and target asymmetryttiyy
Fig.[4 shows target and recoil asymmetries intpe-7°p  but only at very forward angles. On the other hand, the GWU

reaction, measured_[70] at photon energies of 2 and 2.1 G®WA described” as well asP fairly well over the considered

The data on the target asymmetry have quite small uncddsint range.
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Fig. 9. Double polarization parametéf for yp—n“p reaction atdif- Fig 10, The ratio of the differential cross sections for’-

ferent photon energies, . The data are from Ref.[74]. Th.e solid ”nesphotoproduction on neutrons and protons as a functiontdr dif-

show the results of our model calculation. The dashed lirethe re-  ferent photon energies, . The data are from Ref$, [78] (circles). [79]

sults based on the GWU PWA [69). (triangles) and[80] (squares). The lines show the reséitsiomodel
calculation.

Some comments with regard to the observed difference be- o o ) _ o
tweenT andP at those energies seem to be in order. In the cdéese are qualitatively in line with the experiment. It iteirest-
of t-channel non-resonant contributions tRghelicity ampli- ing that the PWA predicts large negative valuesfbthat vary
tude is given by higher order corrections and thus we neilecstrongly with the four-momentum momentum squared, while
as was discussed previously [1]. But evefjfdoes not vanish the Regge model predicté~0.
its general influence on the various observables is exp§Azd
71] to be small. Note that in approaches based on an effec-
tive Lagrangian, which are commonly used at low energies, t§ Further results and discussion
contribution from vector-meson exchanges to pseudoscedar
son photoproduction alsp results in a vanishing invariemila g 1 Total cross sections and the ratio of ~ 7©
tudeAs and, thus, folloyvlng Eq[(22), one would expege=0. hotoproduction on neutrons and protons
However, at the same time resonances can contribuie [7& 73?

the amplituder’, so that the difference betweghand iz might Information about the relative contributions of the isaee@

be explained in aonatural yvay. _ (andb,) exchange and the isoscalaexchange amplitudes can
For theyp—m"p reaction there are also data [74] for theye gptained by comparing the differential cross sectionsfe
double polarization paramete¢s and H. These data are im- jagon photoproduction on neutrons and on proforis [25.75, 76
portant for fixing the sign of the amplitud&;, as is obvious 771 For the proton target the total reaction amplitude &g
from Egs. [19) and(20). Since there are no data for the dQy{; the sum of the isovector and isoscalar contributions|evhi
ble polarization parameters at higher energies we cant@t-des,, the neutron target it is given by their difference.
mine the sign of thé, amplitude within our fitting procedure. |, Fig.[I0 we present the ratio of the differential cross sec-
Therefore, we decided to use the data at low energies to fix thgng for 70-photoproduction on neutrons and protons for dif-
ambiguity for the parameters corresponding to #eampli-  torent photon energies. The available data demonstratenena
tude, listed in the Tablg 2. ratio R+1, which contradicts a statement given in Ref.1[40].
Fig.[8 shows the double polarization parametérmea- Note that the precise measuremént [78Fat4 GeV indicates
sured at photon energies from 2 to 2.3 GeV, which correspofit the ratio depends considerablyton
to invariant energies of 2.15 to 2.28 GeV. The solid lines are Fig.[T] shows the total cross section for the—=°p reac-
the results obtained from our Regge model. They are only vafyn as a function of the invariant collision energy. The exp
qualitatively in line with the data. A similar conclusionght mental results were obtainéd [3] by integration over theuéary
also be drawn when comparing the PWA results with the megistributions and involve an extrapolation into the ford/and
surements. backward regions using the results from the isobar model of
Fig.[d shows the double polarization paramefér,mea- Anisovich et al. [81]. The solid line is the Regge result, ob-
sured for photon energies between 2 and 2.3 GeV. The sdhihed by integration of the calculated differential cresstion
lines are the results obtained from the Regge model. Agaaver the rangét|<2 Ge\~.
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6.2 Results for fixed four-momentum transfer

o S .

S Y P To complete our analysis of the data we take a look at the en-

b ° ergy dependence of the—np differential cross sections at
10% fixed four-momentum transfer squared his allows us to shed

light on the applicability of the Regge phenomenology wigh r
spect to the- as well as the dependence. It also facilitates the
inspection as to whether potential discrepancies between t
calculations and data exhibit any systematic features.

Fig. [I3 shows the data considered in the present analy-
sis. Here the differential cross sections are multipliedthsy
squared invariant collision energyWe multiply with this fac-
tor because the high energy limit of the cross section atlsmal
—t, as given by the Regge formalism, is proportional {G.

Therefore, at high energies and smatlwe expect thatdo /dt
5 5 5 3 approaches a constant value. For ease of comparison we scale
s (GeV) the data and the curves by powers of 10.
Fig. 11. Total cross section foyp—np. The circles are the experi- ~ The solid lines in Fid. I3 are the results of our Regge model.
mental results taken from ReFI[3]. The lines show the resoiitour At very small|t| the Regge model reproduces the data rather
model calculation. well, even down to energies gfs~2 GeV. In general the data
seem to agree with the high energy limit as given by the Regge
phenomenology from energies¢% =2.5 - 3 GeV upwards, at
least for the rang@.5<|t|<2 GeV2. Below this energy region
4 4 the data show sizeable variations with regard to the priedist
[ 5;=2’7 Cev [ 4 E;=3 Cev of the Regge model. Specifically, for low energies and laiger
$77=2.44 GeV i $77=2.55 Gev our model results deviate systematically from the data had t
discrepancy increases with increasing squared four-mtummen
transfer.

Furthermore, as the squared four-momentum increases the
energy dependence of the data and the Regge calculations be-
comes steeper. Although we fit the data in the ratige 2
GeV, the calculations still describe the experimental ltesat

15 2 o5 1 15 2  ¢=-25 GeV fairly well. However, the Regge model substan-
—t (GeV?) —t(GeV?) tially underestimates all data at largel. As we showed in
Ref. [1], the data on charged pion photoproduction at ersergi

Fig. 12. Differential cross section foyp—=n°p as a function of—t
at I, — 2.7 and 3 GeV. The data are taken from Refs. [2] (fille 5=2-7 G€V and atlarge four-momentum transfer squared are

triangles), [3] (filled circles) [ T54] (open triangles) afib)5€] (filed Practically independent of and are in line with the Dimen-
squares). The solid lines show the results of our model tlon. Sional Counting Rule [§2.83]. According to the DCR for the
The dashed line is the result based on the GWU PWA [69] white tifvariant amplitudel/ the energy dependence of the differen-
dotted line is the result of the isobar modell[81] as given&f.§g8].  tial cross-section is given as

ﬁ*#

do/dt (ub/GeV?)

ol

do  |MPF(t) csmm20=2p()

= “TFR(t),(11
dt  16m(s —m%)? 167s? s (0,11

At first sight it looks as if the Regge model would overin the limit my<s, wheremy is the mass of the nucleon.
estimate the integrated cross section significantly at ifheemn Here ¢ is a normalization constant, while; andn; are the
energies, i.e. at energies where it is actually expectedneea total number of elementary fields in the initial and final stat
with the data. However, the amplitude that is used for olrgin respectively. For single pion photoproductiejF4 andn ;=5.
those cross sections in/[3] has some shortcomings in the fBurthermoreF (¢) is a form-factor, which does not depend on
ward direction, as one can see in Higl 12. Specifically, Is faithe energy but accounts for the dependence of the hadronic
badly to describe the data at very small angles [54], whereaave functions and partonic scattering. We found that, iwith
the Regge model reproduces even those data rather well. Giie-experimental uncertainties, the datangnand~—-meson
sequently, a determination of the total cross section tfilstes photoproduction indicate thd(¢) is almost constant,e. does
that amplitude for extrapolating to forward angles will ae¢ not depend on the squared four momentum. Moreover, it turns
sarily underestimate the “real” value. On the contraryeldasout that both negative and positive pion photoproductionsa
on the quality of our fit to the small-angle data at 3 GeV, orgescribed with the same normalizatieril1 mbGeV!2, when
expects that the predictions of the Regge model for the intessuming thaf'(¢)=1.
grated cross section should be very realistic. It is interggo The dashed lines in Fig, L3 show the results obtained using
see that the results of the isobar model [81] and of our Regge. (11) with the normalization constant given above. Apart
fit practically coincide in the range< — t<2 GeV-. from two experimental points af/s>5 GeV the data are in
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Fig. 13. Differential cross section foyp—n’p as a function of the invariant collision energy, at seledbeetl values of:. The symbols show
the data considered in the present paper. The solid linghamesults of our model calculation. The dashed lines a&easults obtained with
Eq. (I1). The data and lines are scaled with powers of 10.

good agreement with the ansatz based on the DCR. However,The solid lines in Fig_14 are results obtained with the Pri-
note that at least at=—2.5 Ge\? the Regge calculation repro-makoff amplitude included, where the latter is given by
duces the data better than the DCR.

$m, [Tl (x0—7)
t m3

™

FP = Fp(t)=VITF@t). (12)

7 Primakoff effect Herem, andm, are the proton and pion mass, respectively,

is ther’—~~ decay width and"p, is the Dirac form factor of

The Primakoff effect[[5] has not only been observed in ne{he proton. For the latter we adopt the parameterizatioergiv
tral pion photoproduction on nuclei but also in the—7%p In Ref. [84],
reaction [54]. This effect dominates the reaction crostiGec

at low momentum transfer and can be used for the determina- Fp(t) =
tion of the 7°—~~ decay width. But there is an interference

of the F; amplitude with the Primakoff (one photon exchange)

amplitude. Thus, the determination of th& radiative decay with t,=0.71 GeV?, which is derived under the assumptions
requires a precise knowledge of the hadronic part of the athat the Dirac form factof’, of the neutron and the isoscalar
plitude as well as accurate data. Unfortunately, the avigila Pauli form factor vanish and that a dipole form is satisfacto
experimental results [54] on the differential cross sexitiothe for Gy ~ uGg(t), cf. [84]. There are slight deviations from
near forward direction are afflicted by considerable urie+t the dipole form in the region-t<0.5 Ge\? we are concerned
ties, as is illustrated in Fif. 14. Here the dotted lines sktimv with here, cf. for example Ref, [85], but we neglect thosenim t
result of our Regge model without one photon exchange, whiphesent exploratory study. The amplitude of [Eq] (12) is ddde
reproduces the data at angles abovg %8y, rather well. the helicity amplitude; of our Regge model. We show results

4m12) — 2.8t 1
4mf7 —t (1 —1t/t)?

(13)
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© Fig. 15. Differential cross section foyp—n°p as a function of the an-

gle d in the cm system shown for photon enetgy=2 GeV. The data

L1|0‘ B '1I5' - élo o 5 L1'o' B 'é B élo are taken from Refs|_[54] (squares) [2] (triangles) and(§&cles).

) (deg rees) 9 (deg rees) The dotted line shows the Regge calculations without onéophex-

Fig. 14. Differential cross section fofp—n°p as a function of the change, while the solid line is the results obtained withusion of
angled in the cm system shown for different photon energies ~ ©One photon exchange. The dash-dotted line is the resultfeipbo-
The data are taken from Ref. [54]. The dotted lines show trggRe toN €xchange alone. The dashed line indicates the ressiesitum the
calculations without one photon exchange, while the satidd are GWU PWA [69].
the results obtained with inclusion of the one photon exgkaifhe

dash-dotted lines are results for the one photon exchaoge.al

latter recent measuremerit& [2, 3] do not cover the regioanyf v
forward angles. The dotted line in Fig.]15 is the result of the
based on"(7%—~v)=8.4 eV, i.e. the value that is given by theRegge model alone while the solid line was obtained with in-
PDG as the average’-meson lifetime. The calculations areclusion of the Primakoff amplitude. Our model reproduces th
not folded with the pertinent angular resolution functi®d], data at forward angles surprisingly well, but it undereaties
because this quantity is is not available to us for the paleic the experimental results &t-30°. The dashed line indicates
experiment in question. results based on the current solution of the GWU PWA [68],
Fig.[14 illustrates impressively the consequences of the Pr

makoff effect. As demonstrated in the preceeding sectites,
~p—mp reaction amplitude can be well fixed by the huge set
of data available at larger anglés 10° and at different photon .~ 't
energies. This ensures that the hadronic contributioretplio- 3
toproduction amplitude is known quite precisely when egx-trag
olating to forward angles. Apparently, the situation idefiént ] o.6f
for measurements on nuclear targets. In that case theopacti~ |
at large angles are entirely dominated by incoherent pmotop% 0.4r
duction and it is very difficult to fix the coherent nuclear am<" |t
plitude, which contributes at forward angles|[86/87.89989. © “f

Thus,7’-meson photoproduction on the proton could offera o it O L S

E,=10 GeV

0.8F o.8f

0.6f
0.4}

0.2}

promising alternative for the determination of théradiative 1

decay width. We should emphasize, however, that for the reds | E,=15 Gev s E,=30 GeV
tion on the proton the relative phase between the hadromic p& 0-8F 0.8f

and the Primakoff amplitude is also an unknown quantity. Iy [ i

the present exploratory calculation we have simply added tf& 0‘6;_ 0’6;_

latter as given in EqL(12) to our Regge amplitude. Butin acoe; o 4f 0.4F

crete application to experimental data one needs to deﬂermﬁt\> A .

this phase together with the’ radiative decay width by a fitto © 0-2f 0.2

differential cross sections at forward angles. bty N e

For completeness we also show the—=p differential o 5 10 15 20 c 5 10 15 20
cross section at forward angles for the photon enéigy2 GeV, ¥ (degrees) ¥ (degrees)
cf. Fig.[I5. Here the squares are data from Ref. [54], triemglFig. 16. Differential cross section fop—=’p as a function of the
are the results from the CLAS experiment [2] and circles agggled in the cm system shown for different photon energles
data from the CB-ELSA Collaboratiohl[3]. Unfortunatelyeth Same description of curves as in Hig] 14.
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region resonance contributions are expected to be nelgligib
E,=5.8 GeV " so that the available experimental information on diffeigdn
cross sections and single- and double polarization obskwya
at —t<2 GeV? allows us to determine the reaction amplitude
reliably. The Regge model was constructed by taking into ac-
count both pole and cut exchangehannel helicity amplitudes
and includes the, w andb, trajectories. The model parameters
such as the helicity couplings were fixed by a fit to the avéglab
data in the considerefl, andt¢ range.

An excellent overall description of the available data was
achieved, indicating that for the energy angnge in question
single pion photoproduction is indeed dominated by nonreso
nant contributions. The model amplitude was then used to pre
dict observables for photon energies belbweV. A detailed
comparison with recent data from the CLAS (JLab) and CB-
0 1 2 3 4 5 6 ELSA (Bonn) Collaborations in that energy region was pre-

¥ (degrees) sented. It turned out that the resulting differential crsesstions
Fig. 17. Differential cross section foyp—n"p at £,=5.8 GeV di- for yp—=p were still in reasonable agreement with those new
vid(_ed_bydap/dt (Eq. [13)). The data are from Ref5. [54]. Same dejata down taF, ~ 2.45 GeV for—t<2 Ge\?, while the very
scription of curves as in Fig. 14. forward data were reproduced even down to photon energies as
low as 2 GeV.

which describes the data @t40° but does not reproduce the Since our Regge amplitude works so wel for forward an-
0 : X gles, even at very low energies, we utilized it to explore the
~vp—m"p differential cross section at forward angles.

Fig I8 illustrates an interesting feature. The excellgnea- prospects for determining the? radiative decay width via the

; ; o )
ment of our Regge calculation with the available data at fotlé’_rlmakoff effect from the reactionp—m-p. Those calcula

o ions indicate that corresponding measurements on a ptaton
ward angles could be an indication that even at such low enger-

- PR . et could be indeed promising. But, evidently, the precis®m
gies the forward photoproductionis still dominatedtishannel get ! X X g
contributions. If so then there would be indeed very good COWhICh the decay width can be determined will depend crugiall

ditions for determining the:°-meson lifetime from measure-°n the number of data points that one can collect at very small

ments of neutral pion photoproduction at photon energimsrat ang_les and on the accuracy and the angular resolution one can
E.,~2 GeV that are accessible presently at Jlab and ELSA. achieve.

Predictions for higher energies are presented in [Ei§). 16.

Experiments in this energy region will become feasibly on
JLab’s 12 GeV Upgrade Project will be completed.

Finally, let us provide another view on the present situg- . . . . .
tion. In Fi{‘}.[ﬂ Wepshow again the available crosps-sectida d%/e acknowledge fruitful discussions with A. Bernstein, \WieQ,
at 5.8 GeVI[[54], but divide the data and the curves by the ¢ontf 'dDUQQﬁr’ L. Garr:.' H. GE(.)’ A. G_aﬁparlan, J. %Ob'ty’ le Strallkrghysl
bution of the pure Primakoff amplitude with a normalizatan and U. Thoma. This work is partially supported by the Helrtino

L . . Assaociation through funds provided to the virtual instttSpin
;[heatvflgedri\?%lgtbi} zero angle coincides with #tedecay width, and strong QCD” (VH-VI-231), by the European Community-

Research Infrastructure Integrating Activity “Study of@tgly
Interacting Matter” (acronym HadronPhysics2, Grant Agree
(14) mentno. 227431) under the Seventh Framework Programme of
EU, and by DFG (SFB/TR 16, “Subnuclear Structure of Mat-
ter”). This work was also supported in part by U.S. DOE Con-
Note that a logarithmic scale is used for the ordinate. Os thiact No. DE-AC05-060R23177, under which Jefferson Sci-
plot one can see down to which angles the results are still doghce Associates, LLC, operates Jefferson Lab. A.S. acknow!
inated by the hadronic amplitude. It is obvious that an appredges support by the JLab grant SURA-06-C0452 and the COSY

priate set of data points below 3 degrees, say, and with highg grant No. 41760632 (COSY-085).
precision would allow an extrapolation to zero degrees and,

thus, a determination of (7°—~~). The presently available
data are too sparse and too inaccurate for performing such an
extrapolation reliably.

ldo/dt] / [do”/dt] (eV)

%cknowledgements

dof B 1
dt 32«

t|f;~P|2
(t —4m2)

8 Summary

In the present paper we performed a global analysis of the
world data on the reactiong—=°p andyn—n%n for photon
energies from 3 to 18 GeV within the Regge approach. In this
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9 Appendix A

Utilizing the relations of Ref[[91] the N -z N observables 1-

analysed in our study are given in terms of the amplituBies
(=1, ...,4) by [38]

2

do 1 [tlF? - |F3)? , ,
do - _ 1 |t~ I8l B .
dt 3271'[ (t —4m2) + B~ F (15)
do 1 [t|Fy? —|Fs)? , , 4
A= e | t|F. 16
dt 327r[ (t — 4m2)) |Fo| ™ + | Ful”] (16) 2
do ., _ V-t —FF§ ;
dat L FuFy 17
dt~ ~ 167 m[(t_4m%v)+ Wy an

vV 9
d —t —_F F*
ah= Im S~ —FiFs |, (18) 10.
dt 167 (t —4m3) 1
do ., _ T [tFy(F5 —2my Fy )+ Fo(LFY —2my Fy)] (19 2
dt 167 (t—4m%;) ) L
do o _ V=t [Fo(Fy —2mn FY) + Fa (LY —2my F5)] 14,
dt 167 (t—4m3;) ‘ 15.

16.

(20)

In order to account for the correct behavior at very smalleng
t should be replaced by— ¢, in the above formulae, where g
—(mgo/2E,)2.

tmin =

10 Appendix B

23.
24,
25.

Here we provide the relation between thehannel helicity
amplitudesF; and thes-channel helicity amplitudes, Ss,

N andD. Following Wiik's abbreviations [92]5; andS; are
single spin-flip amplitudesy is the spin non-flip and is the
double spin-flip amplitude, respectively. The asymptotass-
ing relation, which is useful for the analytical evaluatimfrthe

helicity amplitudes, is given by 29.

30

Fl 2mN \/—_t —/—t 2mN Sl 31

B —4/T| 0 V=i V=t 0| N| 32
F3 - \/__t t 2mN\/—_t —2mN\/—_t t D

Fy 1 0 0 —11LSs 33

(21) 34

Note that Eq.[(21) is appropriate onlyat-t, since it does 36

not account for higher order corrections that are propoatio 5, Huang, A. Sibirtsev, S. Krewald, C. Hanhart, J. Haliderer,

to t/4m3,. The amplitudes’; are related to the usual CGLN
invariant amplitudest; [93] by

i = —-A1 +2myAy,

= A +tAs, 40.
F3 :2mNA1 —tA4, a1.
Fy = As. (22)

42.

Expressions for the experimental observables in termsef th

amplitudesA; are listed, for instance, in Ref. [94]. The oftem3,
used multipole amplitudes can be constructed from theihelic44.
45.

amplitudes using the relations given in Refs.|[95,96, 97].

. M. Dugger et al.,

26.
27.
28.

38.

39.
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