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Abstract. We present a systematic analysis of backward pion photaptimh for the reactionsyp—=°p and
~p—7Tn. Regge phenomenology is applied at invariant collisiorrgias above 3 GeV in order to fix the reaction
amplitude. A comparision with older data afl- and =" -photoproduction at=180° indicates that the high-energy
limit as given by the Regge calculation could be reachediblysat energies of aroung/s ~ 3 GeV. In the energy
region of /s<2.5 GeV, covered by the new measurementsypf-=p differential cross sections at large angles at
ELSA, JLab, and LEPS, we see no clear signal for a convergemaads the Regge results. The baryon trajectories
obtained in our analysis are in good agreement with thosndiy the spectrum of excited baryons.

PACS. 11.55.Jy Regge formalism — 13.60.Le Meson production —-®Ej2Photoproduction reactions

1 Introduction Evidently, with increasing energy the cross sections shapt
proach the high-energy limit[8l[9,10], but it is unclear ihish
Recently, backward pion photoproduction in the—=°p re- ©€nergy region this will take place. n
action attracted significant interest at ELSA [1], JLab [afla Ve also explore whether the available data exhibit features
LEPS [3]. New precise data were obtained with the aim that could be a signal for high-mass resonance contribsition
find evidence for high-mass resonances, most of which are Hf{eed, the near-backward direction is the best angulsomeg
well established[4]. The measurements were done at diffé-find such signals from the excitation of baryons. In this re
ent angles and up to photon energies that correspond td-invdion No appreciable contribution is expected from forwafd d
ant collision energy of/s~2.5 GeV at ELSA and JLab, andfractive processes that dominate the reaction in‘tbannel.
V/5~2.3 GeV at LEPS. As is evident from the publication of ' eiampli, the experimental results availablerfop—7—p
the LEPS measurement [3], their data and those collectec®8fl™ p—7 " p scattering at backward angles [11, 12] indicate
ELSA are in disagreement at many of the available energies? Sizeable variation of the differential cross section veth

Naturally, the disagreement between the measurements E@Y.UP t0y/522.9 GeV. This observation might be considered

plicates the data evaluation in terms of a partial wave aimly@S & directillustration of the contribution from high-masso-
(PWA). For example, the solution of the GWU groiip [5] dog&2NCces to pion-nucleon scattering. Systematic analysbosg

not reproduce the LEPSI[3] data at the higher energies. Fhe'fgactions at higher energies [11112/13,14] showed that fro
cent analysis of the GWU group (FAO6) presentedin [2], whicifound 3 GeV upwards the data approach the high-energy limit
is now extended up to 2.5 GeV and was readjusted to the r&é;?g've” by Regge phenomenology. It will be interesting & se

CLAS (JLab) data[2], does not describe some of the data frgffether the situation is similar in case of pion photopreduc
ELSA, noteably at more forward anglés [6]. tion at backward angles. Finally, let us note that for resngi

For pion photoproduction at backward angles there is rqtt)ba_\ckward angles the Regge appr_oach provides a close con-
updated systematic analysis. Actually, the phenomenodxﬁgynecnon between the exchange amplitudes and the baryon spec

backward photoproductionwas last reviewed in 1971 [7] .sTthum' . . . )

in the present paper we want to re-examine the available high ;I'he plaperrlls struct_ured In It_hedfollcgrvnlnglgjway. In _S_ect. 2
energy data on pion photoproduction at backward angleswit N do_rmu ate t Ie r.eact:jonha.mp ltudes. The dz;\ryon trzgr
the Regge approach. We also consider the very recent measgrg® N our analysis and their properties are discussedinse
ments from ELSA[[L], JLab[[2] and LEPSI[3]. Thereby w nd Sect. 4, respe(_:tlvely. _The results qf the fit are prede_nte
want to clarify to which extent these new data are in line witHECt: 5- A comparison with data on pion photoproduction at

the result inferred from our Regge fit to the high-energy da =180’ and other_large a_mgles is provided in Sects. 6 and 7.
e paper ends with a brief summary.

® present address: Dept. of Physics and Astronomy, University of
Georgia, Athens, GA 20602, U.S.A.
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2 Helicity amplitudes over the value:=0. The simplest way is to introduce modified
amplitudes as in Refl_[23]
In the Regge formalism it is convenient to use thehannel

parity conserving helicity ampIitudeEAi(\/U, s) with A=1,3 L FE(/a, s)

being the net photon-nucleanchannel helicity([9, 15, 16]. Here Fr(Vu,s) = m’

s is the invariant collision energy squared ant the squared N

four-momentum transfered from the photon to the final nu- ng(\/ﬂ’ s) = iw. (4)
cleon. The superscripts indicate the quantum nunibér of Kj(£y/u)

the baryon exchange with andS being the parity and signa-
ture of the baryon trajectory under consideration, respegt
For the physical particles located on th? baryon trajectioey
signature factor is defined &=(—1)"~'/2, whereJ stands - -
for the baryon spin. From that i(t is)clear that the Regge clas- F~1+(\/E, 5) = F~1 (=Vu, s),
sification of the baryon trajectories that can contributé¢hio F (W, s) = Fy (=, s). (5)
reaction is given in terms of the signatuse- + 1 and parity
P= =+ 1 and, therefore, one should consider four trajectorié’ practice these symmetry relations allow to reduce the-num
for nucleon- and also for Delta-isobar states. Historycilese ber of parameters used for the Reggeization of thampli-
trajectories are called (for S=1 andP=1), 3 (S=1, P=-1), tudes. As will be discussed below the relations in EY. (5) are
v (S=-1, P=—1) ands (5=-1, P=1). significant for the Regge classification of the baryon tr@jec
The relation between thechannel parity conserving helic-ries. In order to satisfy the MacDowell symmetry, the Regge
ity amplitudesF and the standard CGLN invariant amplitudepoles must occur in pairs with opposite parity, with trageets

Itis clear from Eqs.[(2) and14) that these modified amplitude
satisfy the MacDowell symmetry relations [24]:

F are [17,18.19] and residues related by certain conditions listed in thieviel
) ing. These conditions were first discovered by Grithov [25]- A
Fl (v, s) = ik 2(u — m2)Fy ditional constraints for the-channel parity conserving helicity
! ’ 16m N amplitudes are given by a threshold relation|[26] that cotse
+ (Va + my) (tvu — m2my) Fo the helicity41 /2 and helicity3/2 amplitudes ati=m?,
2 - .
- mo)(Fs + 7 Fif(m,s) = 2m(t —m2) B (mx5). (6)
2
+ (Vutmy)(u—my)(Fs = Fa)|, (1) Similar to the particle-exchange Feynman diagram, each
iKs amplitudeF’ is factorized in terms of a propagator and a vertex
Ff (Vu,s) = o [(Vu+mn)Fo+ Fs + Ful, function as[1,22.23]
Fi (Vu,s) = Fi' (—Vu, s), Fli = wli(\/ﬂ) G(a*t(u),v),
Fi’)_(\/avs) = _F?j_(_\/aa S)a (2)

~ . a®(yu)—1/2

. | =g SV R Gor ), @)
whereK; and K5 are kinematical factors given by v
where they’s are residue functions that satisfy the symmetry

K, = V(e —my)® —m3 : relations of Eq.[{B):
u
oo NV armaP=mZ|(Vi—my )2 —mZ) (u=m3) 7 (V) =7 (V) and 3 (V) = v (—=Vu). (8)
’ Vuu 73) The invariant variable is defined by

2
= 9)

s—1t _25+u—2m?\,—m

with my(m,) the nucleon (pion) mass. Other relations be- v=
tween the amplitudes defined in various representationtand
u-cha}n{lellparity conserving helicity amplitudes can be tbuyng the Regge propagator is given by
in Ref. [20].

The kinematical factors of Eq](3) contain a singularity at i a=1/2
u=0. Since the value=0 is within the physical region such a Gla,v] = 148 explim(a—1/2)] {i} , (10)
singularity appears in any suitable setethannel amplitudes I'la+1/2] cos[mal Yo
used for Reggeization [21,22]23]. The CGLN invariant amp
tudes also contain a kinematical singularity.at0 with respect
to the Ball amplitudes [19], which satisfy the Mandelstam-re
resentation and are analytic functionspf andu, with ¢ being
the squared four-momentum transfer from the initial to thalfi at(Va) = a~ (=), (11)
nucleon.

In order to isolate this kinematical singularity the Regognd was taken as a linear functiomof
amplitudes are usually parametrized via certain residae-fu
tions that provide:-channel amplitudes which vary smoothly a(vu) = ag + 0.9u, (12)

4mN 4mN

ki/vith vp=1 GeV. The signature factaf was already defined
previously andx is the Regge baryon trajectory that satisfies
also the MacDowell symmetry,
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with an intercepty that is a free parameter. However, as will
be illustrated in the next Section, the intercept of the Regar
jectories can also be very well constrained by the clastidica
of the spectrum of excited baryons.

The threshold relation Ed.](6) is explicitly imposed by

71i = —4m?v(ai—1/2)7§_(u_m?\r)7§v (13)

wherevy, and~s are residue functions, whose parametrizations
are given below. Here th¢/u-dependence of the functions
was dropped for simplicity. The residue functiofs and 3 2
as well as the intercept of the baryon trajectories weredfitte

to the data. We use the following isospin decomposition ef th 1
scattering amplitudes for the different charge states:

Signature S=+1
Parity P=—1 Parity P=+1

~
T

Nucleon Spin
(o))

-3 0 1 2 3

1 u”?=—m u?=m (GeV)

~ [Ny —V3Ng +2A4] for — pn®,

3 [Ny 5 ] P Fig. 1. Chew-Frautschi plot for thé/, and Ng nucleon trajectories
V2 indicating the baryon spi/ as a function of the mass/fu). The
3 [Ny + \/gNs — 4] for yp — nm?, results are for the signatutge=-+1 and for the paritie?==+1. The

1 circles represent the excited nucleon states listed by Er@ [2] that

=[Ny + \/§Ns +2A4] for yn — mTO, belong to the leading trajectories. The squares are statke on the
j_ next-to-leading or so-called daughter trajectories. Tdiig dine indi-

2 _ cates the leading trajectories” (1/u) anda™ (—+/u) obtained with
3 [Nv — VBN - 4] for yn—pr~. (14) ap=—0.26, while the dashed line corresponds to the daugther trajec-

) ) tories withap=—1.5
HereS andV are the isoscalar and isovector components of the

electromagnetic coupling, respectively. The symhbéland A

denotel=1/2 andI=3/2 exchange amplitudes. Thés /Ny The MacDowell symmetry implies the existence of states

ratio was taken as a constant and, finally, was fitted to thee dawith the same signatui®=+1 but opposite parityP=—1. In-

The parity-conserving-channel amplitudeB were transformedleed for such stateB-S=—1 and one can apply Eq._({L1). The

to the standard-channel helicity amplitude$7, using the ma- PDG [4] lists the corresponding excited stafes; (1675) and

trix relations [20]. The observables are given in terms @f thG19(2250) for spins.J=32 and §, respectively. These excited

amplitudesH in Refs. [27],28]. nucleon states are shown in Hig. 1 fex/u=m together with
the o™ (—+/u) trajectory. Historically this class of resonances
is called N g-trajectory.

3 Baryon trajectories Fig.[ illustrates that, indeed, the symmetry is valid far th
existing nucleon resonances wifl==+1. But it does not give

So far we have not discussed what baryon trajectories shoafty explanation why there is no parity partner with, i.e. for
be included in the analysis of backward pion photoproductigne nucleon ground stagg' . Still, this fact must be taken into

and we have not specified the functional form of the residé@countin the parameterization of the residue function&a,

functions. Actually, the functional form o (v/u) andvs(v/u)  [31[32]. Thus, the residues of the trajectory are paraneetws
can be fixed by the corresponding baryon trajectory to some

extent, as will be discussed in the following. N - v
Let us first consider the nucleon trajectory with sgial/2 Yo (Vu) = I*f5 (1 + m) ’
and with NV (938) as the lowest lying state and thus with sig- " '
natureS=-+1 and parityP=+1. Historically this trajectory is v (V) = I° B3 (1 + Vu ) : (15)
called theN,-trajectory. Its contribution to th&+ amplitudes mi — u 0.938

should be parametrized in terms of thg and+; residues _ _ _ _ _ o
functions and thev" trajectory. The masses of the lowest extvherel* is an isospin factor, which defines the contribution to
cited nucleon states with the same quantum numBeards, the different reaction channels for photoproduction of te
but with higher spins, are listed by the PDG [4] g, (1680), 7 andr—-mesons. The constant§ and 5 should be fixed

H19(2200) andK 13(2700), corresponding td=3, 2 and 2, by a fit to the data. Note that the residue of Eql] (15) vanishes

respectively. forthel ™ state, i.e. at/u= — my, so that the trajectory does
Fig.[1 shows these resonance states in the Chew-Frautsaitipass through an unobserved state.
plot [29]30] of the spinJ as a function of,/u=m, so thatm The other nucleon states wi=-+1 and P==+1 but with

concurs with the masses of the nucleon states listed abovéigher masses are classified as daughter or granddaugthter (
the corresponding values. The solid line is the Regge tratrajectories. The squares in the Fiy. 1 show the stated 440)
jectory o™ (/u) given by Eq. [(IR) withny=—0.26. Here the andF}5(2000) for positive parity and spid=2 and.J=2, re-
intercept was simply adjusted by hand but not preciselydfittspectively. The negative parity resonance states in tlsis age
to the baryon spectrum. Note that in this c&s€=+11. S11(1535) and D15(2200) for J=3 and 3, respectively. The
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Fig. 2. Chew-Frautschi plot for thév, and N; nucleon trajectories Fig. 3. Chew-Frautschi plot for the\,, and A; trajectories indicating
indicating the spin baryod as a function of the the masg/{;). The the spin baryor/ as a function of the mass/). The results are for
results are for the signatugg=—1 and for the paritiesP==+1. The the signatureS=—1 and for the parities?=+1. The circles repre-
circles represent the excited nucleon states listed by RIDG e line  sent excitedA states listed by the PDGI[4] that belong to the leading
indicates the trajectories™ (/u) anda™ (—+/u) for paritesP=—1 trajectory. The solid line indicates the leading trajeie®e" (/)

and P=+1, respectively, obtained withhg=—0.34. anda™ (—+/u) for paritiesP=—1 and P=+1, respectively based on
the intercepiny=0.21. The squares are states that lie on the next-to-

- ) _ _ leading trajectory. The dashed line is the secondary t@jggiven
dashed line in Fid.11 is the linear (next-to-leading) Regge t by Eq. [12) withap=—1.21.

jectory withayg=—1.5.

The secondary (daugther) trajectory is low-lying with re-
spect to the leading trajectory (solid line). Because ofdinge resonances?;(1232), F37(1950), Hs 11(2420), K3,15(2950)
negative value ofy, its contribution to the reaction amplitudewith spin J:%, % % and 1—25 respectively. These resonance
is expected to be suppressed due to:thdependence of the states form the so-calleds-trajectory and are shown in Figl. 3
Regge propagator, cf. Eq._{10). That is why the contribiiolby circles. The solid line is the trajectoty (—+/u) with ap=0.21.
from secondary trajectories are frequently neglected igg@e Unfortunately, there are no experimentally well identifide
analyses. But one should keep in mind that there is no solesonances witif=—1 and P=—1, which would belong to
argument in favor of such an expectation, because the resithe A -trajectory and would be the parity partners of thg
constantsi§ and 3§ are free (phenomenological) parametemxcited baryons.
and could be large. So far the partial wave analyses have not found any indica-

Now let us consider the nucleon states with signature famn for the A, with a mass around 1.232 GeV. Therefore, we
tor S=—1. For parity P=—1 the PDG [[4] lists the following parametrize the residue function of thg-trajectory by
resonancesb3(1520), G17(2190) and; 11(2600) with spin
J=32, I andil, respectively. These excited nucleons belong to V(=) = 030 <1 _ WV > (17)
the so-calledV, -trajectory and are shown in Figl 2. The line ! ! 1.232)°
represents the™ (y/u) trajectory with interceptyy=—0.34. )

For the Ns-trajectory withS=—1 and parityP=+1 the for i=0,3 and with the constant§j and 3} as free parame-
PDG lists Fy7(1990) with spin % There is no indication for a ters. Note that this parameterization eliminates the lo\yesg
positive-parity partner for th®, ;(1520) resonance (which has 4~ state, although it is not clear whether the other high-mass
negative parity). This is taken into account in the residueef baryons of this trajectory indeed exist in nature.
tions for the N,-trajectory, which are related to the residues The squares in Fid.]3 show the states lying on next-to-
of the N-trajectory by the MacDowell symmetry. Namely, wdeading trajectory. The dashed lines is the secondaryctae

parametrize the residues by given by Eq.[(IP) with intercepto=—1.21.
Finally we complete this short review of the nucleon tra-
4 oy Vu jectories with theA-resonances that have positive signature
v (V) = 176; (1 + ﬁ) ’ (16) S=+1.ForP=-1 we consider thé&s; (1620) andD35(1930)

states with spin/=% and 2, respectively. The Regge trajec-
for i=0, 3 with the constantg] andj3] as free parameters.  tory containing these resonances is callég-trajectory. For
There are only a few known nucleon states that might biee parityP=+1 the PDG [[4] lists one relevant resonance, the
discussed in terms of the secondary trajectories with hagatFs5(2000), which belongs to the\,-trajectory. These excited
signature. Therefore we do not address this question here. baryons are shown in the Figl 4 by circles. The lines are the
We proceed further with the spectrum of theresonances Regge trajectories withy=—1.4.
and the relevant trajectories. For signatéte—1 and posi- Because of the large negative intercept of e and Ag
tive parity P=+1 the PDG [[4] lists the following baryonic trajectories, their contribution to the total reaction ditaple is
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Fig. 4. Chew-Frautschi plot for thel, and A trajectories indicating Fig. 5. Four-momentum transfer squareés a function of the invari-

the baryon spin/ as a function of the mass/). The results are for ant collision ener lower axis) or bhoton eneray (upper axis) for
the signatures=+1 and for the paritied>=+1. The circles represent e o pion progﬁgi(()n angla%(i)n thgs-channel)gy (upp )

the excited states listed by the PDCG [4] that belong to thditea

trajectory. The solid lines are the trajectorie§(y/u) anda™ (—+/u)

for paritiesP=—1 and P=-+1, respectively, with intercepto=—1.4. Table 1. Leading Regge baryon trajectories with signature factor
and parityP. The listed intercepta, are determined from the spec-
trum of the excited baryons. The zeros of the squared Reggpaga-

substantially suppressed due to thdependence of the Reggéor as given in Eq[{19), i.e. the values whée&u)|*=0, are listed,

propagator, cf. EQL(10). That is the reason why in many analgo.

ses these trajectories were not considered. S

P Qo Zeros
u (GeV?)
4 Propagator propertles No | +1 | +1 | —0.26 | —2.49 | —0.26 | 1.96
N, | -1]-1|-034] —3.51| —1.85 | 0.93
The baryon trajectories roughly determined from the nutleo As | =1 41| 021|412 | —19] 032
andA-resonance spectra allow for some further constraintson | | 21| Zia] 34| 12| 10
their respective contributions to the reaction amplituds.us s i i i i

consider the squared Regge propagatorin[Ed. (10) and teke in
account that

1 1 about the kinematical singularities at the-0 line. The zeros
r {Z + 5] cos[mz] = I’ [5 - Z] : (18)  of the propagator of EG{10) at negative four-momentumstran
fer squared are accessible and might be reflected in scafteri
For the trajectories with signature factSe=+1 the squared observables.
propagator is The zeros and the intercepts of the various trajectories are
1o X N summarizgd\i/g TaZIE] }j T#H(é—;frajectorly has its first zerof art]
v u=—0.26 GeV~. Indeed, the differential cross sections of the
|G|2_§{§_O‘(\/a)} [2+28€0$ [ﬁ(o‘(\/ﬂ)__)]} [ } : 7w N—xN reaction exhibit a dip in that region, though around
(19) u~—0.15 GeV? [13]/33[34,35], which does not agree that well
with the value of the trajectory.

An interesting feature of the Regge propagator are the zeros The pion photoproduction data on differential cross sec-
of Eq. (19). The zeros at>0.6 GeV2 have no physical mean-tions show no dip atu|<1 GeV2. This means that other tra-
ing because they are located outside of the scatteringigatys jectories thanV, and Az must dominate the reaction. T
region. This is illustrated in Fidl] 5 which shows the cormsp trajectory alone cannot dominate the reaction either kmzau
dence between the scattering angland the four-momentum then the cross-section ratio 9f—7"p to yp—n*n should be
transfer squared for different invariant collision energiegs equal to two at smallu|. The experimental data indicate that
or photon energie&,,. Here we define the scattering angle itthis ratio is close to one at high energies. This also exeltiuk
the s-channel,i.e. as the pion production angle with respeg@ne can achieve a description of backward pion photoproduc-
to the photon beam direction given in the center-of-masg (ction by considering only theéV, and A; trajectories. Conse-
system. The maximal value afcorresponds to pion photopro-gquently, one has to take into acount also the contributiomfr
duction at the anglé=180°. the IV, -trajectory in the Regge analysis of backward scattering.

Fig.[3 makes clear that the squared four-momenturan It is interesting to note that botlV, and A; trajectories
be positive as well as negative and thus one indeed has to d¢aee their first zeros for negativevalues around~—1.9 GeV2.

Yo
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Fig. 6. Differential cross section foyp—="p as a function of the four- 8 = 2 \
momentum transfer squaredat different photon energieg.,. The S
squares are SLAC data from Ref. [36]. The solid lines are ¢kalts 2
of our Regge model employing the parameters listed in Tablkna ~
dashed lines are the calculations from Ref! [20]. 3
~
o
© F
However, the available data are not precise enough to sebearhe [ L [ . .

0 015 1 1.5 0 0.5 1 15
E,=14.8 GeV —u (GeV?)

this feature of the Regge propagator is actually reflectelen 10
observables.

5 Results at high energies

Unfortunately, there are not that many data points availabl
energies abovg/s~3 GeV and for backward angles. Some ex-
perimental information on thep—=’p differential cross sec-
tion obtained at SLAC as a functionofs provided in Ref.[36].

Those data points are shown in FAg. 6. The SLAC measug_qé. 7. Differential cross section foyp—n'n as a function of the

T . . :
r‘r]letﬂts on theyé? f_”T " dlffer(;:ntlal Cross Ele.cﬂog _asF? l;un([:‘t;;) I’}our-momentum transfer squaredat different photon energieg .
of the squared four-momentumwere publiShed IN ReIS. LS 7, 1he circles are data from Refs, [387]138]. The solid lines aeere-

2

38]. They are presented in FIg. 7. All data points in the rangfits of our Regge model. The results of Ref.|[20] (dashesk)imre

—u<l Ge\/f were included in the fit. included at the energies where they are available.
The solid lines in Figd.16 arid 7 represent the results of the

fit obtained with the parameters listed in Table 2. Althouigh,
principle, one could use the intercepts of the baryon ttajec
ries extracted from the baryon spectra, we treated theneas fr

parameters. Furthermore, since it turned out that the data @ ineresting that thev,,, IV, andA; trajectories determined in
insensitive to thed ;-contribution we did not include this tra- o fit to the scattering data imply intercept parametersate
jectory. The overalk® achieved amounts t@*/ndf = 1.2. 1t compatible with those extracted from the baryon spectra, cf
Tabled 1 and2. But the partly significant uncertainties ef th
intercepts obtained in the fit, listed in Table 2 too, indéctitat
their values are not so well constrained by the backwardeang
scattering data.

do/du (nb/GeV?)

1.5
—u (GeV?)

Table 2. Parameters of the model. The ratiafé§ /Ny is -0.08+0.02.

Yo Y3 (675}

No | 722659 | —11.6£3.1 | —0.30+£0.09 o .
The overall description of the data by our Regge model is of

Ny | 0.54£2.9 | —11.6:0.4 | —0.40+0.07 comparable quality to those reported in earlier studies20.3

As | —4.740.9| 4.0+0.2 0.25+0.02 22/23]. For the ease of comparison, we include here thetsesul

of the (latest) previous analysis of backward pion photdpos
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yp—>7'n i yp—>7'n
E,=5 GeV . E,=10 GeV
N 0.5F 0.5
e [ [
) L /
E 0 0
S i i
>
o [ [
C_0’5_....|....|....|....| s T
o 1O 0.25 0.5 0.7 1 1O 0.25 0.5 0.7 1
i S S S 2 yp—>7p P>
) ) o E,=5 GeV . E,=10 GeV
u (GeV ) u (CeV > 8 0.5+ I
N .
Fig. 8. The trajectories folv, and A; exchanges shown as a function 'g [
of u. The solid lines are our parameterizations given by Ed.. (12§ © ok
dashed lines indicate the trajectories used in Ref. [20f @incles & L
show the baryon states with relevant quantum numbers. L
-0.5¢ 1 1 1 1 =051 1 1 1 1
0O 025 05 0.75 1 0 025 0.5 075 1
. S . —u (GeV?)
tion by Storrow and Triantafillopoulos [20], cf. the dashie@t  Fig. 9. polarized photon asymmetsy for yp—nn andyp—n"p as
in Figs.[6 andH. a function of—u, for different photon energieB.,. The lines are the

The most striking difference in the results is that the mod(ﬁsuns of our Regge model.

of [20] reproduces the data for largen: values, i.e. also for
—u>1 Ge\?, at higher energies. This is due to a principal
difference between our approach and the one of Ref. [20] in 10°©
the parameterization of the exchange trajectasi@s) for the

baryon exchanges. While we use linear Regge trajectoriies(g & > Mﬁ
by Eq. [12) and shown in Fig] 8 by the solid lines forfiigand <. 10 °
A exchanges) the trajectories adopted in Ref. [20] are nonli%‘)

ear functions of the four-momentum transfer squareds is 4
illustrated by the dashed lines in Fig. 8. Indeed, theseinonl £ 10
ear trajectories, which are modelled by the behaviour of the

data, allow them to describe the experimentsfar-1 GeV?, 5 {55 o =y ™y 0 55 5 5™
but they are no longer linked to the baryon spectraca, cf. > 6
Fig.[8. Interestingly, in the region of smadl|, where the Regge 8 10
approach is expected to work best, our results are betteren | 2
with the features shown by the data, specifically for the reac®
tion yp—°p, cf. Fig.[8. For completeness, let us mention that
the authors of Ref[ [20] also assumed that theand N, tra-
jectories are the same.

P —>7p

T
»>

In other previous works [13] several extensions of the Regge

ole model were considered, for example, including absorp-
{Dive corrections. This again allowed thepauthors to gchbevep f5 2 25 3 35 4 45 5 1/25’5 6
description of the data for largeru values, however, at the s/ (GeV)
expense of practically doubling the number of free pararseté&ig. 10. Differential cross sections far’ (upper panel) and™ (lower
that need to be determined in the fit. In view of the scarse da&gnel) photoproduction at=180° as a function of the invariant col-
for —u>1 GeV? we refrain from following that strategy. Notelision energyy/s. Data for ther’p channel are from Ref<, [40] (trian-
that also some of the model ansatzes considered in [13] h&lgs) and[35] (squares). Data for thé n channel are from Refs. [41]

difficulties in reproducing the data at small. (open circles),[[42] (triangles) and_[37/38] (filled cirs)eThg Ii_nes
are the results of our Regge model. Note that all results atgpted

Predictions for the polarized photon asymmefrgre shown with a factors?#, cf. text.
in Fig.[d for two energies.

1 We noticed some discrepancies between the data as giver in th
Durham data basé [39], which we use, and the data points drawn
the figures of Ref[[20], especially at photon energy of 5 GeV.
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£ % C fu=137°—153° E _ 9=149°—161°
S [0} -% F OB
1 <
E 30F 2
OQ ~
= >
? O
o 20F }
&~ ©
o S BN ranra & o W S P S
2 1.5 2 2.5 1.5 2 2.5
Eg 10 o E F
>
4
M“ X S
or o
. ‘ ‘ ‘ = 103
15 2 2.5 3 35 5
s'? (GeV) E 102§

Fig. 11. Ratio of then® to =™ photoproduction cross sections at .S i

¥=180° as a function of the invariant collision energy. The filled 10 I I 10 I 1 I

squares are the results obtained with the data from Rel&23While 2 2 2.5 1.5 21/2 2.5

open circles show the ratios obtained with the data from f€0541)]. s’ (GeV) s’ (GeV)

The line is the ratio from our Regge model. Fig. 12. Differential cross sections feyp—7tn as a function of the
invariant collision energy/s, for different production angleg in the
cm system. The open circles are data from Refl [45], whileofhen

6 Pion photoproduction at 180° triangles are from Ref[[42]. The lines are the results of Regge

model.
The experimental information atf - andz+-meson photopro-

duction aty=180° is shown in FigLID for a large range Ofas given by the Regge calculation. For higher energies ttze da

photon energies. Note that the data from Refsl [40] (filled tr ‘o -
angles), [41] (open circles) and [42] (open triangles) wese vary around the Regge predictions and those variationgheco

: - S A ) ._more pronounced with increasing photoproduction anglie. It
included in our fit, since only few points are available athhig P gp P g

. . s interesting to note that at the lowest photoproduction@ngh-
energies. The lines in Fig.LO are the results of our modeleal _; S el
lation. We have multiplied the data and also the predict'un‘nsSldeer the data seem to approach the high-energy limit — and

. ey o ~even at fairly low energies.
our model with a factos=° in order to facilitate the compar Data on neutral pion photoproduction at large angles were

ison between data and theory. This factor corresponds to {Qﬁen at ELSAI[L], JLabl[2] and LEPSI[3]. FigJ13 contains

energy dependence of the leading Regge trajectory. For CMfE data from ELSA. The lines are our Regge results for the

?A:Sh{é?\Ter?é?;;ﬁn?i t(i;n?‘grrlé%V\f,?(;(rjnstLheeRdeagtgesﬁf m to approav%ﬁwop reaction. Here the data lie above the calculations up to

7 . . . .somewhat higher energies, i.e. up to 2.2-2.3 GeV. It seeats th
Atinvariantenergies from 2 to 3 GeV the data exhibitoscif . .o appgr]oach theghigh-ener%y limit in this energy megio

lations around the continuation of the Regge result. Itﬁ%r'm but reliable conclusions are not possible because of thelim
esting to observe that the differential cross sectionsgpernp accuracy of the data.

+ . o i -
andyp—m n aty=180° show a very different energy depen- o cont jefferson Lab dafa [2] ah-meson photopro-

dence. This is best seen in Fig] 11 where we present the "R tion are shown by inverted triangles in [Figl 14 togethigr w

of then? to =+ cross sections at=180°. The line is the ratio . ;
obtained for the Regge result which is close to 1.12. The rah]hzalzﬁggne] erre]ts ggie’:gtse (:rr:gt lIJTJ ttgea?ga;g aLd 2r 629'(2 QthtJLab

01_‘ the experimental values varies strongly with energy and ithe angles)—123° andy=1399 we can compare the data with
'(Ij'ﬁélrtgscz)rllfll dptr,?;ggeaosftrsﬁgﬁtrlérgfomS gg‘ilzbitigxé corresponding experimental information from ELSA [1] 4t
the accuracy of the data is not sufficient fbr drawing rebab les). Obviously, in the kinematical range relevant forstudy
, he two measurements are in reasonable agreement with each
conclusions. other. At last, in Fig[_T5 we present the datafgr—7%p from
SPring-8 at LEPS [3] (circles). Also here a comparison with t
) JLab results[2] is possible at a particular angle-{48.2°), cf.
7 Photoproduction at large angles the inverted triangles. These measurements agree nictly wi
each other, too.
Differential cross sections foyp—nTn for several angular Evidently, the LEPS results do not approach the high-energy
ranges in the regiod>135° are shown in Fig_12 as a func-limit as inferred from the Regge fit to high-energy data but
tion of the invariant collision energy. The data are takemir rather tend to deviate more strongly from the predictiorth wi
Refs. [42,45]. The lines indicate the results of our Reggdeho increasing energy. Thus, at least within the energy region o
for 9 = 145°, 155°, 167°, and180°, respectively. For invariant \/s<2.5 GeV, covered by the new measurementspf+7’p
energies below 2 GeV the data lie above the high-energy lindifferential cross sections at large angles |11 2, 3], theneo
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Fig. 13. Differential cross sections foyp—=’p as a function of in-
variant collision energy,/s, for different production angleg in the
cm system. The data are from the ELSA collaboratidn [1]. Thes|
are the results of our Regge model.
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Fig. 14. Differential cross section fop—n’p as a function of the Fig 16, Ratio of ther® to =+ photoproduction cross sections at dif-
ferent angles} as a function of the invariant collision energy, based
on ther™ photoproduction data df [45]. The triangles are the ratio fo
then® data from ELSAIL], the circles for the LEPS [3] data, and the
inverted triangles for the JLab![2] data. The line is thea&tom our

invariant collision energy/s, for different production angleg in the
cm system. The inverted triangles are data from JLab [2]lenthian-
gles are experimental results from ELSA [1]. The lines ager#sults
of our Regge model.

Fig. 15. Differential cross section fofjp—7°p as a function of the
invariant collision energy/s, for different production angleg in the
cm system. The solid circles are data from LEPS [3], whilefillex
inverted triangles are results from JLab [2]. The lines herésults of
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clear signal for convergence. Therefore, it remains an open
question from which energies onwards Regge phenomenology

might be applicable. Though the old datal[40, 41, 42}%e 80°

that extend to higher energies provide some informatioh wit

regard to this issue, their precision is not sufficient fawing
reliable conclusions.

.6

1.8 2 2 24 26
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—~ 8 Summary
S 4 E=2.050GeV | E=2.15GeV
o 10 [10°F . .
O v : We have performed a systematic analysis of backward photo-
> - 4 [ Ao production of pions in theyp—7°p andyp—7tn reactions.
= 0 ob W Regge phenomenology was applied at invariant collisiom-ene
5 e p gies above 3 GeV in order to fix the reaction amplitude. The
sz:— 107 ®e aim of our study was to see whether we can find any clues
s ; regarding the energy region where the data approach the high
P T T T T energy limit as given by the Regge calculation.
0 02040608 1 0 02040608 1 The data[[4D] onr®-meson photoproduction at=180°
N;\ 5 E,=2.25 GeV 5 E,=2.35 GeV indicate that this limit could be reached possibly at erexgi
g 107 of around,/s ~ 3 GeV. The most recent results on neutral
~ f ' pion photoproduction at large angles available from ELSA [1
2 Z. _ I JLab[2] and LEPS[3] cover energies upfe=2.5 GeV. Within
N \\_(K‘/ W this energy region there is no clear signal for a convergemce
3 102k ) 102 e o wards the results inferred from our Regge fit to high-energy
} : 'T' * : LX) data. Experiments [41,42] om™-meson photoproduction at
N E ¥=180° suggest that in this channel the data might approach
0O 02 04 06 08 1 0 02 04 06 0.8 | the high-energy limit likewise at roughly/s~3 GeV. How-
—u (GeV?) —u (GeV?) ever, as in case of’ photoproduction, data with higher preci-

Fig. 17. Differential cross section fofp—np as a function of—u, Sion would be needed to allow for a more solid statement.

for different photon energieB.,. The energies indicated in the figures It is difficult to say whether the new measurements[1,2, 3]
correspond to the invariant collision energigs~2.17, 2.22, 2.26 and indicate any prominent features that could be due to thetaxci
2.3 GeV, respectively. The triangles are data from ELSA & cir- tion of high-mass baryons. One expects that backward scatte
cles are data from LEPE][3], and the inverted triangles angtefrom ing is the best angular region to find signals from the exoitat
JLab [2]. The lines are the results of our Regge model. of baryons. Indeed the experimental results[[11,12] avkdla
for p scattering at backward angles indicate directly a strong
variation of the differential cross section up to invarianer-
gies of/s~2.9 GeV. Unfortunately, the new backward photo-

The 7° and 7+-meson photoproduction cross sections #&oduction data do not show any such clean features.
large angles differ significantly as was already illusttabsy

theWO/W_Jr Cros_s-sectlon ratio a?:lé_%()o in the Flg.m. C_or- We would like to thank T. Nakano and M. Sumihama for sending
responding ratios for other angles in the backward regien & the LEPS data. We appreciate discussions with H. Gao, M- Du
presented in Fig. 16. Itis interesting to see that at thogéean ger, E. Klempt, E. Pasyuk, U. Thoma. This work is partiallpsu
the ratio is much smaller. Specifically, in the rang&° —153°  ported by the Helmholtz Association through funds providedhe
it is even smaller than 2 and, moreover, practically enengy ivirtual institute “Spin and strong QCD” (VH-VI-231), by tHeuro-
dependent. pean Community-Research Infrastructure Integratinguitgti Study
. of Strongly Interacting Matter” (acronym HadronPhysicS2ant Agree-
Finally, we compare the: dependence of the data ,fromment no? 227431) ur?der the S(event% Framework)lgrogrammg of EU
ELSA, JLab and LEPS at the highest measured energies. THg by DFG (SFB/TR 16, “Subnuclear Structure of Matter"}-Fis
differential cross sections from the different experinseate grateful for the support from the Alexander von Humboldt Far
shown in Fig[1F in the rangel < u < 0. The data pre- ton. A.S. acknowledges support by the JLab grant SURA-0852
sented in the figure were taken at almost the same photon eagg-the COSY FFE grant No. 41760632 (COSY-085).
gies, corresponding to invariant collision energies inrémege
from 2.17 to 2.3 GeV. Fid._17 illustrates that the LEPS data
are partly in strong disagreement with the ELSA measurem
At the two highest energies the Regge calculation repr(Jsjue(:rE\gGﬂ:"renCeS
e ol X1t 2 1% . Barhotnya o, iys R L, 12002 a0 . van
. P . Peeet al., Eur. Phys. J. 81, 61 (2007) [[arXiv:0704.1776].
they differ significantly in the absolute value too. In angea _M. Dugger e al., Phys. Rev. C 76, 025211 (2007)
one should keep in mind that at such low energies the acces- [arXiv:0705.0816]. ' '
sible range is small for, as well ast so that the regions of 3 1 sumihama et al., Phys. Lett. B 657, 32 (2007)
small |u| and of small|¢t| tend to overlap. Therefore, one ex- [arXiv:0708.1600].
pects that Regge contributions from both channels shoufeco 4. ¢ Amsleret al., Phys. Lett. B867, 1 (2008).
into play and interferences will occur. But in our model only 5. R. Arndt, W.J. Briscoe, 1.I. Strakovsky and R.L. Workm&iys.
channel poles are taken into account. Moreover, there dfe we  Rev. C66, 055213 (2002); http://gwdac.phys.gwu.edu.
established (four-stary- and A resonances in the mass regions. R. Arndt, W. Briscoe, I. Strakovsky and R. Workman, Euly$h
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cross sections. Thus, our predictions shown in[Eigy. 17 heive p 7. E.L. Berger and G.C. Fox, Nucl. Phys3B, 1 (1971).
marily an illustrative character. 8. G. Hohler, Landolt-Bornsteid, Springer Verlag, Berlin, 1983.


http://arxiv.org/abs/0704.1776
http://arxiv.org/abs/0705.0816
http://arxiv.org/abs/0708.1600

11.
12.

13.
14.

15.
16.

17.

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.
30.

31.

32.
33.

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

45.
46.

A. Sibirtsevet al.: Backward pion photoproduction

. A.C.Irving and R. P. Worden, Phys. Repd, 117 (1977).
. F. Huang, A. Sibirtsev, S. Krewald, C. Hanhart, J. Hdiderer

and UIf-G. Mei3ner, arXiv:0810.2680, Eur. Phys. J. A, impri
V. Barger and D. Cline, Phys. Reéib5, 1792 (1967).

R.R. Crittenden, R.M. Heinz, D.B. Lichtenberg and E daezi,
Phys. Rev. D1, 169 (1970).

E.L. Berger and G.C. Fox, Nucl. Phys2B, 1 (1970).

A. Sibirtsev, J. Haidenbauer, S. Krewald, T.S.H. Le&f-Gll
MeiRner and A.W. Thomas, Eur. Phys. J. 3, 49 (2007)
[arXiv:0706.0183].

M. Jacob and G.C. Wick, Ann. Phy’.404 (1959).

M. Gell-Mann, M.L. Goldberger, F.E. Low, E. Marx and
F. Zachariasan, Phys. R&33, B145 (1964).

J.K Storrow, Electromagnetic Interactions of Hadr@ngdited
by A. Donnachie and G. Shaw, Plenum, NY (1978), pp. 263.
G.F. Chew, M.L. Goldberger, F.E. Low and Y. Nambu, Phys.R
106, 1345 (1957).

J.S. Ball, Phys. Re®24, 2014 (1961).

J.K Storrow and E. Triantafillopoulos, J. Phys4@679 (1978).
E.A. Paschos, Phys. Rev. L&éit, 1855 (1968).

J.V. Beaupre and E.A. Paschos, Phys. Rel;, 2040 (1970).

V. Barger and P. Weiler, Nucl. Phys 2B, 615 (1970).

S.W. MacDowell, Phys. Re%16, 774 (1959).

V.N. Gribov, JETPFL6, 1080 (1963).

J.D. Jackson and G.E. Hite, Phys. Ri89, 1248 (1968).

I.S. Barker, A. Donnachie and J.K. Storrow, Nucl. Phy<9®
347 (1975).

M. Benmerrouche, N.C. Mukhopadhyay and J.F. Zhang, .Phys
Rev. D51, 3237 (1995).

V. Barger and D. Cline, Phys. Rev. L&, 298 (1968).

R. Fiore, L.L. Jenkovszky, F. Paccanoni and A. ProkuBmys.
Rev. D70, 054003 (2004).

P. Minkowski, Lett. Nuovo Cim3S1, 503 (1970) [Lett. Nuovo
Cim. 3, 503 (1970)].

R. Carlitz and M. Kislinger, Phys. Rev. Le24, 186 (1970).

V. Barger and D. Cline, Phenomenological Theories ohHig-
ergy Scattering, New York, Benjamin (1969).

J.K. Storrow and G.A. Winbow, Nucl. Phys .38, 560 (1973).
J.K. Storrow and G.A. Winbow, J. Phys.1(5263 (1975).

D.H. Tompkinst al., Phys. Rev. Lett23, 725 (1969).

R. Andersoret al., Phys. Rev. Lett21, 479 (1968).

R. Andersort al., Phys. Rev. 014, 679 (1976).

The Durham HEP Databases, http://durpdg.dur.ac.uk/.

G. Buschhormt al., Phys. Rev. Lett20, 230 (1968).

K. Ekstranckt al., Phys. Rev. 6, 1 (1972).

B. Bouquett al., Phys. Rev. Lett27, 1244 (1971).

L.Y. Zhu et al., Phys. Rev. C 71, 044603 (2005)
[arXiv:nucl-ex/0409018].

L.Y. Zhu et al., Phys. Rev. Lett.91, 0222003 (2003)
[arXiv:nucl-ex/02110009].

R.A. Alvarezet al., Phys. Rev. 01, 1946 (1970).

P.J. Bussey et al., Nucl. Phys1B4, 492 (1979).

11


http://arxiv.org/abs/0810.2680
http://arxiv.org/abs/0706.0183
http://durpdg.dur.ac.uk/
http://arxiv.org/abs/nucl-ex/0409018
http://arxiv.org/abs/nucl-ex/0211009

	Introduction
	Helicity amplitudes
	Baryon trajectories
	Propagator properties
	Results at high energies
	Pion photoproduction at 180
	Photoproduction at large angles
	Summary

