7.B.1 Nuclear Physies B30 (1971) 1-67. North-Holland Publishing Company

PHENOMENOLOGY OF BACKWARD
PHOTOPRODUCTION*
Edmond L. BERGER

High Enevgy Physics Dwision, Argonne National Labovatory,
Avrgonne, Illinots 60439

Geoffrey C. FOX
Lauvitsen Laboratory of Physics, California Institute of Technology,
Pasadena, California 91109

Recelved 1 March 1971

Abstract- We 1nvestigate backward photoproduction reactions both empirically and 1n

Pt

the context of specific models., First, salient features of backward single-pion
photoproduction data are examined and contrasted with corresponding properties
of purely hadronic data. We show that although Yp and #N data are qualitatively
similar below 5 GeV/c, remarkable differences become apparent at higher ener-
gies. Second, four models are studied in detall to see whether they offer an ex-
planation for the distinctive energy and momentum transfer dependence of photo-
production cross sections. In these models, we include contributions from Regge
(moving) and fixed poles, as well as absorptive (moving) and fixed cuts, Satisfac-
tory fits to data are obtained with the fixed-pole model, the strong absorption mod-
el and the fixed-cut model of Carlitz, Kislinger, BardakqL and Halpern, However,
none of these profoundly different models 1s adequately tested by available data.
Suggestiong for many useful new experiments emerge from our study; the most
important are backward 7N — Np, backward yN— A7, vd —pn, and the inclusive
processes yp —h + anything (h = 7%, K*, p and p).
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1. INTRODUCTION

Differential cross sections for both forward and backward two-body pho-
toproduction processes exhibit little structure as a function of either ener-
gy or momentum transfer [1]. For example, at high energies, for\gard
do/df scales with energy as E]4, and backward do/du scales as Eiab'
Moreover, forward yp — 7% 18 the only photoproduction reaction for which
there is a significant dip in the momentum transfer distribution [2]. Strong-
1interaction data behave very differently. For many purely-hadronic pro-
cesses, differential cross sections display remarkable structure as a func-
tion of momentum transfer; this structure usually varies significantly with
energy. Until now, little progress has been made theoretically in achieving
even a qualitative understanding of photoproduction phenomena.

In this paper, after a thorough critique of yp data, we examine in detail
four phenomenological models for backward single~pion photoproduction.
We eschew features of models which are sensitive to subtle variation of pa-
rameters. Rather, we concentrate on obtaining a natural explanation for
the observed universal dependence of do/d« on energy and momentum
transfer.

We consider, 1n turn, models which employ Regge poles, fixed cuts,
fixed poles, and moving Regge cuts generated by absorption. In two of
these models (pure Regge pole and strong absorption [4]), no fundam.ntal
significance 1s attributed to observed differences between purely hadronic
and photoproduction processes. The differences are associated merely with
different spin structure of reaction amplitudes, and with values of sundry
coupling constants. In the remaining two models, a basis dynamzical differ-
ence is postulated between electromagnetic and hadronic interactions. In
these models, fixed singularities are assumed to be present in the complex
angular momentum (7) plane. These fixed singularities, forbidden by (u-
channel) unitarity for purely-hadronic processes, are assumed to dominate
photoproduction amplitudes.

One of these fixed-singularity models was suggested by Carlitz and Kis-
linger [4] and by Bardakei and Halpern [5]. In this model, baryon reso-
nances are ensured a unique parity, as observed, by the introduction of a
fixed branch-point singularity (cut) in the j-plane. The amplitudes asso-
ciated with this cut dominate scattering for # < 0. The discontinuity across
the cut, at # = 0, is more singular than allowed by unitarity for purely ha-
dronic processes. As a result, this theory can be applied only to weak and
electromagnetic processes, for which no such unitarity constraint exists.

In the fourth model, we postulate the presence of fixed-poles in the -
plane. These poles are located at 7=0, (-1, -2,...) in meson channels and
at 7= -%, (-%, -%, ...) 1n fermion channels. Again, unitarity forbids fixed
poles in purely hadronic processes.

For each model, we begin by studying amplitudes analytically in order
to ascertain natural predictions for s- and #~dependence. Amplitudes are
then parametrized 1n economical fashion. We obtain good fits to data on
vp — nrt and vp — pr© with our versions of the fixed-cut, fixed-pole, and
strong-absorption models.
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In spite of the high-statistical accuracy of present-data, tliese three
models are not differentiated by the fits. Moreover, even within a given
model, coupling-constant parameters are very poorly determined. This is
remarkable, in one sense, because structure of basic amplitudes, as a
function of both s and #, is radically different in different models. There
are two basic reasons for these difficulties. First, the number of inde-
pendent spin amplitudes (4) 1s relatively large in single-pion photoproduc-
tion. Second, for each spin state, there are three independent isospin am-
plitudes: I, = §, and two I,, = } states, formed from the 1soscalar and iso-
vector components of the photon. Consequently, further measurements on
yp — nrt and yp — pr© and, say, yn — pr~, although useful, will not lead to
decisive tests of models *.

The reactions yp — A**7~ and yd — pn have an important simplifying
feature; both have unique isospin in the u-channel. We skow that measuve-
ments of do/du for these single-exchange reactions will mdeed diffeventiate
between models. Moreover, data for these processes will clarify the inter-
pretation of all photoproduction data (for both forward and backward scat-
tering). This is true because the models studied here can be applied equal-
ly well to forward scattering; presumably the same general mechanism
governs scattering near both # = 0 and ¢/ = 0. That is to say, if fixed poles,
for example, dominate backward photoproduction, then presumably {differ-
ent) fixed poles also dominate forward yp processes. By contrast with
¥p — At~ and yd — pn, no forward yp process is endowed with a unique
exchange 1n the crossed (¢) channel.

Besides yp — A**7™ and yd — pn, we suggest many other experiments
which would be valuable in establishing a better understanding of photopro-
duction. Some of these experiments are motivated on purely empirical
grounds; others are suggested by our theoretical analyses. Suggested ex-
periments are listed in sects. 2 and 4.

In sect. 2, we review backward photoproduction data and contrast salient
characteristics with those of purely hadronic reactions. Independent of any
fits, this study emphasizes the remarkable features of photoproduction data
and highlights the need for further experiments. We examine qualitative
predictions of vector-meson dominance and find interesting discrepancies
at high energy; further experimental study of backward p-production in
purely hadronic processes seems desirable. We also show that important
information will be provided by data on clusive reactions of the type
yp — h + anything, where hadron h = 7, K*, p and p.

In sect. 3, we treat our four theoretical models. Technical details are
presented in appendices. Because the fixed-pole and fixed-cut models are
relatively unfamiliar, we take the opportunity in subsects. 3.3 and 3.4 to
discuss some of their qualitative predictions, in a context more general
than backward photoproduction.

In sect. 4, we contrast predictions of the models and make specific re-
commendations for useful experiments. General conclusions are summa-
rized in sect. 5.

* This is true unless, of course, new data indicate behavior which is qualitatively
different from current experiments.
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Readers interested in an empirical evaluation of yp and hadronic data
are directed to sect. 2. However, sect. 2 may be omitted entirely by
readers interested primarily in phenomenological models and fits to data.
Experimenters interested in a list of valuable new experiments may consult
sect. 4 and subsect. 2.4.

2. COMPARISON OF HADRON AND PHOTON
INDUCED BACKWARD-SCATTERING DATA

In this section, we describe first the distinctive features of backward-
angle photoproduction data * and then contrast these with corresponding
properties of backward 7N data. Pion-nucleon and yp data are remarkably
different in their dependence on both energy- and momentum-transfer var-
iables. Qualitative discrepancies with predictions of vector-meson domi-
nance {6, 7] are also revealed. These observations and other empirical
regularities of the data suggest several useful experiments.

2.1. yp — N7
In fig. 1, we present measured do/du for yp —nr*, yp —pn°, and
yp — At*7™ [8-10]. We have plotted these data as

d
494 (}E )% 7. (1

The factor (%Elab)s removes obvious energy dependence from the data; the
factor 494 is suggested by the vector-meson-dominance model (VDM), in
the following way. According to VDM, we may relate the cross section for
pion photoproduction [do/du(yN — N7)] to that for strong-interaction vector-
meson production [do/du(7N — NV)], This relationship is

87’p dcr

i) ag N~ N7r)—2p11d (TN = N[p+}(w-V29)]) . (2)

In eq. (2), the spin-density matrix element picks out the helicity-one com-
ponent of the p-meson T, 72 is the usual universal p-couphng constant [11};
and (8/a)(y /47n) = 494, 1f we use generally accepted value ('y /41r) = 0.45.

In order to compare the energy- and momentum-transfer dependences of
these yp data, we find it convenient to define the solid curve shown in fig. 1
(and succeeding figures). The solid curve is a representation of eq. (1), for
the very accurate 5 GeV yp — nr* data. In figs. 1la and 1b, by comparing
data at various energies with the solid curve, one may see that both nr*

* A good review of photoproduction 1s the article by Diebold [1].

T Exact application of VDM 1s impossible, even if do/du 1s available for p-, w- and
@-production. Interference effects remain to be sorted out. In what follows, we
assume that the qualitative behavior of W and ¢ cross sections 1s similar to that
for p-production. Inasmuch as our conclusions, 1n this section, are based only on
qualitative features of data, we deem it satisfactory to refer only to p-production
when we make VDM comparisons.
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Fig. 1, Single-pion photoproduction data are displayed, p denotes photon lab momen-
tum 1n GeV, For reasons discussed in the text, we plot 494 ¢ E14},)3 do/du versus «.
In all cases, the solid curve represents (scaled) 5 GeV yp— nrt data. At each ener
gy, to obtain the dotted curve in (b), we multiply the solid curve by 0.5 Dashed
straight lines represent best fits to data with the equation do/du = A exp (cu); fitted
values of ¢ (in units of (GeV/c)~2) are given in the figure. References for data are
(@) yp— n7" at Ejg, = 2.8, 4.3, 6.7 and 9.8 GeV [8] and yp —n7" at Ejap = 4.3, 5.0,
9.55 and 14.75 GeV [9], (b) yp— pm© [10]; (c) yp — AtT7— [9].
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and pr© data scale remarkably with energy ™ as Eigb’ for all u. There 1s no
shrinkage T. (The deviation at Elap = 2.8 GeV in yp — nrt 1s a resonance
effect; confer fig. 18a.) A second feature of interest is that data for yp — nr+
and yp — pr© have quite similar u-variation; in both, do/du falls slowly,
approximately as exp (#). Data for yp — A*t*r~, which has u-channel isospin
I, = 3 | seem to fall off as exp(3«) (fig. 1c); however, these data are con-
fined to small values of #, at essentially one energy. Finally, the dotted
curve 1n fig. 1b denotes 3do/du(yp — nmt); this would be the value of
do/du(yp — pr©) if only I, = 3 exchanges were present in yp — pr© and

vp — nut.

2.2. 1p -~ N7

Other significant characteristics of yp data become apparent when con-
trasted with properties of purely hadronic processes. We turn now to a
brief examination of some typical hadronic data; when possible, we select
experiments with results extending to large values of |u|. We discuss
7N — N7 first, and then go on to 7N — Np, pp — dm, and pp — dp. In fig. 2,
we display a selectlon of data for the three measured charge states of 7p
backward scattering. These data are plotted as (3 plab)s do/du. At each en-
ergy, we also show for comparison the yp — nzt data, scaled as in eq. (1).
The most obvious difference in #-dependence between vp data and 7tp — prt
or n~p — n79 1s that backward yp data show ro dip structure whatsoever.
Second, there 1s considerable shrinkage in the #p data, whereas none ap-
pears in the yp data. Specifically, we note that the u-dependence for
yp — n7t is similar to that of hadronic data for pap, < 4 GeV/c. However,
as energy increases, the 7p data fade away at large u; thus, at the hlgher
energies, do/du ~ exp (3u) for np, significantly sharper than the exp (u)
characteristic of yp results. Especially noteworthy are 7*tp — pr* data at
9.85 and 13.73 GeV/c; near u =0, these data are a factor of 10 above the
(scaled) yp results, but by « = -1. 9 GeV/c) , they lie a decade below ¥.

2.3. mp - Np, pp —dm and pp — dp

As expressed through eq. (2), the VDM model postulates close similar-
ity between data for yp — N7 and for 7N — Np. Available backward-p pro-
duction data are displayed 1n fig. 3; shown are examples of 77p — pp~,
7°p = np°, and 7tp — ppt. We observe that at low energy, slopes of do/du
for 7N — Np are similar to those of yp — N7. This result 1s in superficial
agreement with VDM. Unfortunately, no large-u data exist at high energy
for reaction 77p — npO®. Therefore, we cannot determine directly whether

* As first remarked by the experimenters, of course [8-10].

T 'Shrinkage’ 1s a property of simple Regge-pole models and of much hadronic data.
It indicates that, as a function of E, at fixed u, do/du < exp (g(«)log E1ap),
where g(#) 1s an 1ncreasing function of #. For example, in a single-pole exchange
model, g(#) = 2a'%, where @' is the slope of the exchanged trajectory.

I we remark that 1f 'yp cross sections continue to differ by exp (2¢) from 7p values,
out to even larger «, then at u =~ -4.0 (GeV/c)2, the factor of 494 will be over-
come; the cross sectlon for producing photons 1n 7p interactions will then be
greater than that for producing hadrons. This 1s surely ridiculous.
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Fig. 2. We display a selection of backward data from the three charge states of
mp — NT; p denotes incident pion lab momentum 1n (GeV/c) In order to compare en-
ergy dependence of these data with vp data, we plot (51) al 3 do/du versus u. The
solid curve 15 494 (4 E)qp)3 do/du for the 5 GeV Yp— Tr}' data (cf. fig. 1). Dashed
lines here are obtained as in fig. 1. References for data are (a) 7tp —p7t at 2.85
and 3.55 GeV/c [12,13], and 7¥p — pr* at 9.85 and 13,73 GeV/c [14]; (o) 77p — p7™~ at
2.8 GeV/c [15), 7"p— pm~ at 2.85 and 3.55 GeV/c [12], 7-p— p7T~ at 3.55 GeV/c [13],
77p —pr~ at 9.85 and 13.73 GeV/c [14], Tp —p7~ at 16 GeV/c [16]. In (b), 16 GeV /c
7-p —p7~ data have been multiplied by 0.65; consult ref. [17] for a discussion of
normalization discrepancies 1n this reaction. For 7”p —nm°, part (c), references
are [18] for 4 GeV/c data, and [19] for 5.9 and 10.1 GeV/c.
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Fig. 3. We display (%Plab)s do/du for three charge states of backward 7p — Np; p de-
notes 1ncident pion lab momentum, In this figure, solid and dashed curves have the
same meaning as 1n fig. 2. References for data are (a) 77p— npC at 2.3 GeV/c [20],
at 2,77 GeV/c [21], and at 4 GeV/c [22]; (b) TP —pP~ at 2.77 GeV/c [21], and at 8
and 16 GeV/c [23], (c) o — ppP" at 5 GeV/c [24] and at 5.2 GeV /¢ [25].
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7N — Np data show the same slow exp (¥) behavior as yp —Nm, as required
by VDM, or whether shrinkage is present.

Although not exactly relevant, data for production of charged-p, both
7~p — pp~ and pp — dp*, do foreshadow difficulties for VDM. Indeed, at 8
and 16 GeV/c, the pure ], = $ 7”p — pp~ data have a slightly steeper do/du
(for #2 -0.6 (GeV/c)2) than data for 7~p — pr~. (Contrast figs. 2b and 3b.)
There is no hint of the flat exp () behavior characteristic of yp — N7. A
similar effect 1s observed in the pure I, = 3+ reactions pp — dr+ and
pp — dp*. Data are given in fig. 4. At low energy (), ~ 3.5 GeV/c),
do/du shows a slow exp (#) behavior characteristic of low energy photonic
and hadronic data. However, by 21 GeV/c, shrinkage of do/du has oc-
curred, and do/du = exp (3u). We emphasize that do/du is quite similar,
out tou = -1.0 (GeV/c)4, for pp — dr+ and pp — dp+.

It appears, therefore, that do/du for hadronic p-production at high en~
ergy shows little similarity to the slowly varying (exp («)) vp data. On the
contrary, it is similar to purely hadronic 7N data at large . We have

T, T T T
(a) ppe d7r* E
i
i,
T T T T
y N =192,94,211
Ll \} P ( b) ] p——dp‘ 4
\\
T €=3474028 i
L I _
o LN 'U’_\“\} 92,211
o F \\ bl E \\‘ P » ]
3 B 1
= ~ “
i. LG o T {‘ ]
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g ~ =347 %022
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%ﬁ 0 |0'9F \\\ I ]
g 3 N 3
e 1 1 ) WO §
o]] 03 -07 - -5 19
u(Gev/c?
| 1 1 1
ol -03 -O7 =il -5 -19
ulGeV/cR

F1g. 4. We display (%Plab)3 do /du for (a) pp — dz* and (b) pp— dP*; symbol p next to
data points denotes proton lab momentum in GeV/c, The solid curve 1s 0.5 times
494 (%Elab)3 do/du for 5 GeV yp — nwt data. Dashed lines have the same meaning as
in fig. 1. References for data are (a) pp— dn" at 2.78 and 3.62 GeV/c [26], at 2,81
and 3.63 GeV/c [27], and at 19.2, 19.4 and 21.1 GeV /c [28]; (b) pp — dp' at 19.2 and
21.1 GeV/c [28]; (b) pp — dp* at 19.2 and 21.1 GeV/c [28]. We obtain values of
pp — drt at 2.81 and 3,63 GeV /c by applying time-reversal invariance to data on
m+td — pp [27].
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shown that this conclusion holds separately for the I, = ; and I,, = § ex-
change amplitudes.

2.4. Suggested experiments

In this section, we have examined backward yp data and contrasted sa-
lient features with those of backward 7N data. Quite aside from model-de-
pendent arguments which we consider in sect. 3, this study demonstrates
the remarkable energy- and momentum-transfer dependence of photopro-
duction processes. Especially significant 1s the energy independent shape
of do/du, which behaves roughly as exp () for 0.5 < |u| < 1.7 (GeV/c)?. In
the (low) energy range 2 < pj,;1, <5 GeV /¢, a similar u-dependence is ob-
served for the purely hadronic processes, backward 7N — N7 and 7N — Np
(figs. 2,3). Therefore, in this energy region, there is qualitative agree-
ment with VDM. However, for p1,p > 5 GeV/c, hadronic data exhibit
striking shrinkage; all do/du fall typically as exp (3u) at large u (figs. 2, 4).
This 1s in marked contrast to yp data (fig. 1} which retain an exp («) behav-
10or at high energy. The apparent dzsagreement with VDM will be reversed
if, at high energy, the quantity pyy do/du for "N —N-(p°, w, ¢) is observed
to be slowly varying at large #, 1n contrast to do/du for 7N — N7.

As a result of this analysis, we can identify several important areas for
experimental investigation. (More suggestions are listed mn sect. 4, after
models have been discussed.)

2.4.1. 7p—~ Np

Backward p-production should be studied at high energy (#,;, > 5 GeV/c)
from u = 0 to u ~ -1.5 (GeV/c)2, 1n both neutral (7"p — np°) and charged
modes (7%p — p*p). Determination of do/du and of density matrix elements
would be valuable. Studies of backward ¢ and w cross sections would also
be intriguing. In the forward direction, production of ¢ and w is suppressed
in comparison with p; however, all vector-meson amplitudes should be of
comparable size in the backward direction.

En passant, we note here that knowledge of density matrix elements (pz])
is not as valuable in backward scattering as it is in forward scattering. In
forward scattering, the p,, are sensitive directly to quantum numbers of
exchanges (natural or unnatural parity); this is not the case in backward
scattering. Nevertheless, measurements of p;; are still useful. For
mp— Np©, pqq do/du (rather than simply do/du) is the quantity which is ex-
actly relevant for tests of VDM. Moreover, inasmuch as the p,, select out
specific (sums of) amplitudes, they serve as more pointed tests of all mod-
els. This is true because models predict primarily structure of amplitudes,
not * do/du. As an example, it 1s possible to attribute absence of dip struc-
ture in do/du for 7N — Np to predominance of the p11 do/dx contribution,
which, consistent with do/du for ¥N — N7, has no dip. However, there may
be a dip mn pgg do/du, similar to that in do/du for 7+p — pr* and 77p — nwo.
* Individual amplitudes may exhibit pronounced structure (e.g., dips or breaks)

which occurs at different values of # in different amplitudes. Nevertheless, the

resultant dg/du, which 1s a linear combination of absolute squares of amplitudes,
can be quite featureless [3,17,53].
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2.4.2. Forward p-production

Although we have not discussed forward scattering results, it 1s curious
that there does not appear to be a striking difference in shape of do/df, at
large ¢, between photon and hadron induced reactions in the forward direc~
tion. This should be contrasted with the backward data we have just re-
viewed. Indeed, for many hadronic and photonic processes, forward do/df
falls approximately as exp (3#), at large . Examples are forward yp — 7%
and 7-p — 7°n*. This behavior is similar to that of the backward hadronic
processes m+p — prt and 77p — nm© at large 7. However, tests of VDM
require p-production data; it must be borne in mind that there is a dearth
of good p-data at high energy and large momentum transfer. To test VDM, 1t
is vital to measure forward p-production at high energies (p1,p, R 8 GeV/c)
where we have noticed such a marked difference between backward yp — n7+
and backward processes. Thus far, most tests of VDM have been confined to
low energy where there are no qualitative differences between yp and 7p
results.

Our examination of backward data further indicates that discrepancies
with VDM are greatest at large |u ] . In forward scattering, therefore,
tests of VDM are also expected to be most decisive at large lt ! This sug-
gestion is supported by another argument; specifically, the dominance of
m-exchange at small ¢ guarantees some agreement with VDM independently
of any fundamental validity of the model.

2.4.3. yp — A**7™ and other photon induced backward reactions

The reaction yp — At*r~ provides a possible exception to the universal
exp (#) behavior of do/du for backward yp data (cf. fig. 1c). It is clearly
important to determine whether do/du for yp » A**7~ continues to fall as
exp (3u) or whether it also levels off at exp (#), for large values of ]u]
More generally, it is crucial to confirm or deny the apparent universality
of s- and u~dependence of current yp — N7 data. Other reactions should be
studied; e.g., yd—pn and yN—YK [62]. We will consider these again in sect.4

2.4.4. Inclusive reactions

Inclusive processes of the type yp — (hadron + anything) deserve special
mention.

We have remarked here that do/du, for backward yp — Nr, falls as
exp («), at large u ( Iul =z 0.5 (GeV/ c)ﬁ). On the other hand, for photon in-
duced forward two-body processes, do/df «< exp (3f) at large £. In purely
hadronic processes, such a marked difference does not exist between

* We remark that do/dt for forward yp — pr© falls as exp (3¢), at large ¢, for
blab = 6 and 18 GeV [29,55). On the other hand, for 77p— 7°n, good measure-
ments of do/d¢ out to large ¢ exist only near pja, = 6 GeV [30,56]. At 6 GeV/c, the
t-dependence 1s similar for the two processes. It 18 important to measure do/d¢ at
large t for 77p— 7°n at py4p, ~ 18 GeV/c, one should determine whether 77 p— 7°n
behaves like yp— p©, retaining the same slope of do/d¢ at both high and low ener-
gles, or whether 1t exhibits shrinkage at large ¢, as 1t does at small ¢,

T Note also that, 1n all four examples here, there is a pronounced dip in the differ-
ential cross section,
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large-momentum-transfer behavior of forward and backward two-body re-
actions. For forward hadronic processes, do/df « exp (3f) and for back-
ward reactions, do/du o« exp (3u). These observations can be correlated
with available data from inclusive reactions; there seem to be interesting
inconsistencies in yp data.

We_begin by recalling that, for kadror induced inclusive reactions *
do/dp?r < exp (-3p%), for all types of produced hadvons 7. This universal
behavior 1s modified only slightly by a tendency for (pr) to increase with
increasing mass of the observed final-state hadron. It seems to us that this
universality of the przr dependence 1s consistent (and possibly directly con-
nected) with the fact that the differential cross sections for many purely
hadronc two-body processes (forward and backward) fall as exp (37).

We now use the above information to deduce expected behavior of yp in-
clusive reactions. Because forward and backward photor induced two-body
processes differ substantially in behavior at large momentum transfer, we
postulate analogous differences 1n yp inclusive grocesses. Specifically, for
yp — Iy + anything, we expect do/dpg = exp(-3p5) if h = 7% or K*, but
dcr/dp% o exp (- %) if h = proton.

Beam survey measurements provide the only source of photoproduced
inclusive data of which we are aware. These studies are performed with a
beryllium (Be) target [33]. It turns out that there is not much difference in
shape of 7t, K*, and proton spectra at large angles 1; remarkably,
da/dp% < exp (-31)%), for all types of secondary particles. This fact that
sgcondary proton and 7-spectra are nearly identical in p% dependence, for
p1r>0.2 (Gev/ c)2, contrasts sharply with the pronounced difference in
large-momentum-transfer behavior of forward and backward two-body pho-
toproduction processes.

It might be argued that inclusive measurements done with a Be target
should not be compared directly with results obtained from hydrogen (1.e.
proton) targets. However, we note that, for purely hadronic processes at
any rate, shapes of spectra at large angles (lap frame) are essentially in-
dependent of target material [32]. To deduce przr dependence from this re-
sult, one must make a small approximation, because the exact definition of
longitudinal direction and thus of pp 18 somewhat ambiguous for experi-
ments done with complex nuclei. Nevertheless, 1f motion of nucleons with
the nucleus 1s ignored, one finds again the universal behavior exp (-3pT),
for all secondary hadrons, a result identical to that for inclusive experi-
ments with proton targets. Therefore, p-Be and pp data are comparable;

* The quantity pr 1s the component of three-momentum transverse to the beam di-
rection, pg < (E -ty p)- 2

T E.g., for pp— h + anything at 12 GeV/c [31] and at 19 GeV /c [32], do/dpT
o exp (-3p2) for h = 7%, K*, p and p. The result 1s true for a wide range ot val-
ues of py,, the longitudinal momentum of h in the c¢.m. frame, The proportionality
fails for very small p% (pp < 0.2 (GeV/c)Z) and for values of py near the kine-
matic limits.

{ Consult ref. [33], especially table 3 and figs. 14-19, There 1s g forward peak In
7+ spectra; however, for 0.2 < p% < 2, the expression exp (—3p%) 1S a good approx-
imation.
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correspondingly, it seems legitimate to equate p% dependence in y-Be and
vp 1inclusive reactions.

In summary, therefore, the very shallow behavior of do/du (o exp (%))
for yp — N7 strikes us as remarkably inconsistent both with hadronic data
and with all other photoproduction data. Photon-induced inclusive experi-
ments, done on an hydrogen target, will provide important confirmation (or
possible denial) of thls conclusion. Therefore, we await with great interest
detailed studies of d cr/dpL i)% for various secondary hadrons (h) produced
in yp — h + anything.

2.4.5. Independent confirmation of yp — N7 data

In this section we have pointed out, from several empirical points of
view, that do/du for yp — N7 behaves quite anomalously in its dependence
on both energy and momentum transfer. The singular absence of shrinkage
makes all photoproduction data mysterious. Moreover, as detailed in sub-
sect. 2.4.4, the very shallow exp () behavior of do/du sets yp — N7 apart
from all other data, both purely hadronic and photon induced. As we noted,
almost all distributions in p4 or f have an empirical slope (on a log plot) of
3; the exception* 1s yp — N7 which has slope 1.

We cannot overemphasize the desirability of confirming existing yp re-
sults by using different experimental techniques. Systematic biases may be
present which cancel shrinkage and/or result in unusually shallow differen-
tial cross sections. In this regard, we note that there are significant dif-
ferences (=~ 35%) between results of single-arm and double-arm spectro-
meter studies of 77p — pr~ [14, 16].

2.4.6. Backward hadronic data

In an earlier paper [17], we suggested several specific experiments the
results of which should clarify the status of 7N backward scattering. Here,
we call attention to one general feature of hadronic data which is especially
relevant to our analysis of yp data. At low energy (P15 < 5 GeV/c), do/du
for available hadromc data (cf. figs. 2-4) may be parametrized as exp (u),
for |u| > 0.5 (GeV/c)2; at higher energies, do/du < exp (3%). We have at-
tributed this change in do/du to shrinkage. However, present backward da-
ta are really not sufficiently precise to establish a g“mdual systematic
change with energy of the slope of do/du. We do not know whether a con-
stant exp (3«) distribution characterizes hadronic data at all (high) energies,
or whether canonical shrinkage is indeed present. An understanding of dy-
namical mechanisms in this region awaits clarification of this point. Pre-
cise studies should be made of the energy dependence of do/du, for various
hadronic processes (e.g., TN — N1r), for p1ap > 5 GeV/c, and values of « in
the range 0 < |u| 1.5 (GeV/c) Spec1f1ca11y, usual Regge shrinkage pre-
dicts that if do/du « exp (3%) at pj,p, = 6 GeV/c, then do/du = exp (5u) at
Plap = 18 GeV/c. Experiments must be designed to distinguish this behav-
ior from the energy independent behavior of photoproduction cross sections
at large |«| (and large |¢]).
* The only other evidence for very shallow dependence on momentum transfer

comes from inelastic electron data [34].
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3. THEORETICAL MODELS AND FITS TO DATA

We devote this section to a detailed discussion of phenomenological
models for yp — N7. We examine, in turn, models which employ Regge
poles, fixed cuts, fixed poles, and moving Regge cuts generated by absorp-
tion. Each model is first studied 1n an effort to identify its natural predic-
tions for energy- and momentum-transfer dependence of yp — N7w. Ampli-
tudes are then parametrized and good fits to data are obtained with the
fixed-cut, fixed-pole, and strong-absorptive-cut models. As a result of
this 1investigation, we suggest new experiments which would test significant
predictions of each model.

We should remark here that, i1n spite of reservations listed in sect. 2,
we take seriously in this section present experimental information on the
energy- and momentum-transfer behavior of yp — N.

3.1. Aagff

In sect. 2, we examined the salient features of backward photoproduction
data. We pomted out that, as a function of #, do/du for yp — N7 18 remark-
ably slowly varying; over the range 0.5 < |u| < 1.7 GeV/c)2 do/du is de-
scribed reasonably well by exp (#). Furthermore, as a function of energy,
do/du shows no evidence of shrinkage.

For both data and theory, the energy dependence of do/du is expressed
most succinctly in terms of the function Adgsp(u), which we define through
the parametrization

3 do ZAaeff( u)
Eyab an = A0 By : @)

Note that Aaegs = Geff + 3; Qegf 15 defined 1n ref. [17].

3.1.1. Data

By fitting this expression to data as a function of Eygy,, at fixed u, we
extract Aaggr for yp — nt and for yp — pr©. These results are shown in
fig. 5. We see clearly that Aagg =0, for all #; this is in agreement with
the empirical scaling law do/du = E" labs Which we discussed in sect. 2.

3.1.2. Theory

In the various theoretical models, different assumptions are made about
the dynamical singularity structure of the complex angular momentum (j or
@) plane. Singularities in the j-plane are either fixed or move (Regge) as
the momentum transfer is varied. Moreover, the singularities may be
simple poles or branch points (cuts). These properties of the different the-
ories are displayed easily in a plot of Aa(x) = a(x) +3. Consequently, plots
of Aaggp(u) are particularly useful when one is confronting theoretical mod-
els with data.

We now turn to a study of available models; we are particularly inter-
ested in how each model explains the fact that Aagss(u) ~ 0. In figs. 6a-d,
we display the structure of the A plane predicted by each of our four mod-
els. These figures are discussed below. We begin by treating briefly the
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Fig. 5. Experimental j-plane. We show values of Ax .¢r extracted from data for

(a) Yp— nm* and (b) yp— p7mO, the function A gff(x) 1s defined 1n eq. (3) of the text,

Where necessary, we extrapolate data from neighboring values of % 1n order to ob-
tamn Ad o at the values of « shown here.

pure Regge-pole model. Our major emphasis 1s then devoted to fixed-cut
and fixed-pole models. Finally, we also discuss moving-cut approaches.

3.2. Pure Regge-pole model

The application of the pure Regge-pole model to backward photoproduc-
tion data has been described very well in several previous papers [35-37].
Here, we will not present any new fits with this particular model. How-
ever, inasmuch as Regge poles play an important role in all other models,
it 1s necessary to identify qualitative properties of the pure Regge-pole ap-
proach. These features are independent of details of the various fits to da-
ta. We treat formalism only schematically in the text and relegate all kine-
matical and technical issues to appendices. We begin here by remarking
that to each helicity amplitude, a given Regge-pole contributes an expres-
sion of the type given in eq. (4).

Hi{s,u) =h,(«) [1+7 exp(-urd)] (;i;)a(u) .

T(1+a) sinra

(4)

Here, @ = a(u) -z, where a(x) is a baryon Regge trajectory; index ¢ labels
the helicity state, and 7 is signature. Function %,(«) is a slowly varying*
regular function of #; sg is the usual scale constant. Our expression dis-
plays explicitly all wrong-signature nonsense zeroes (WSNZ) 1.

* Apart from kinematic factors,

T Obviously, eq. (4) pertains to the dual or exchange-degenerate version of Regge-
pole theory. However, only minor changes 1n our treatment are required to ac-
commodate versions in which some or all WSNZs are absent. We discuss the
SCRAM approach (@ll WSNZs absent) 1n subsect. 3.5.
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3.2.1. Energy dependence
If only one Regge pole is exchanged, this theory predicts

Aaeff(u) = a/(u) +% . (5)

Because trajectories are observed to have slopes a' ~ 0.9 (GeV)~2, eq. (5)
1mplies marked shrinkage of do/du, in complete disagreement with experi-
ment. However, reactions yp — pr® and yp — nrt allow exchange of both the
Iy = § trajectory Ag and the I, = } trajectories N, N,, and Ng. (Ng is the
trajectory on which the D15(1670) lies.) These trajectories are illustrated
in fig. 6c. From this figure, it is easy to see that one can simulate a flat,
Aaeff ~ 0 by arranging dominance of the Nj, (and Ng, N,) exchanges for
small # and dominance of Ag exchange for oiu| 2 0.5 (GeV/c)2. However,
the figure also makes it obvious that this arrangement can work only for
|| 1.0 (GeV/c)2. Beyond that value, shrinkage will necessarily take
place; therefore, the observed flatness of Aaggp(u) at large \u1 1s inexpli-
cable 1n a pure Regge-pole model.

T T T T T f T I

fo) FIXED CUT MODEL (b} FIXED POLE
° & o FIXED CUT_\ N
AN el - ).
-05 By PoLE + Ay POLE =
Ng POL Nag POLE
——+—4 —t——
() POLES ONLY (d) ABSORPTION MODEL

a5 AyPOLE T
Ng ond
et poLes
nrm\
1 1 L i L I 1 1
00 -05 40 15 -20 o -a5 -0 -5 -20

u(Gewr)?

Fig. 6. Theoretical j-plane, Various singularities in the complex angular momen-

tum () plane change position (or remain fixed) as u 1s varied. In this figure, we

show Aa (#) = a(u) + 1 for dominant singularities 1n each of the four models, The

complexity 1n this figure should be contrasted with the remarkably constant behavior
(Aaeff = 0) shown n fig. 5.
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3.2.2. Momentum-transfer dependence

We turn now to a discussion of the u-dependence of do/du predicted by
pure Regge-pole theory.

Data on backward 7tp — prt and 77p — n7© show a pronounced dip in
do/du near u = -0.15 (GeV/c)z. To interpret this phenomenon in a pure
Regge-pole model, one assumes that N, exchange dominates these pro-
cesses; the dip is then a natural consequence of the first wrong-signature
nonsense zero m the Ny amplitude, at an, = -1 (N, = =3)-

Backward yp — N7 data show no dip structure. Consequently, 1in a pure
pole approach, one must assume that N, does not dominate yp — N.
Rather, other exchanges (N, and Ng) must also be large. The dip in the Ny
contribution at aN, = -1 is 'filled-1n' by large N, (and/or Ng) contributions.
To agree with observed behavior of Aagg¢r, moreover, oy .8 N ON,+ Unfor-
tunately, as remarked by Kelly et al. [38], a large N,, contribution dis-
agrees with the factorization property of Regge-pole residues *.

A second difficulty for pure Regge-pole theory is the very flat behavior
of do/du versus u at |u| 2 0.5 (GeV/c)2. As remarked earlier, in the re-
gion |u| 2 0.5 (GeV/¢)2, Az exchange must be dominant 1n order to accom-
modate the observed flat energy dependence (Aaggs =~ 0) in that region.
Therefore, the u-dependence of do/du is also controlled by Ag exchange,
for |u| 2 0.5 (GeV/c)2. An indicationT of the u-dependence of the A4 con-
tribution 1s given by data on 7~p —pp~, which have an exp(3«) behavior
similar to 7™p — pn~ (cf. sect. 2, and figs. 2 and 3). This behavior is too
steep to account for the flat [exp (#)] character of yp — N7.

In summary, then, pure Regge-pole theory does not account naturally
for observed u- or s-dependences of yp — N7 data.

3.2.3. Predictions

We judge that pure Regge-pole fits are somewhat artificial. Neverthe-
less, i1ndependent of such philosophy, the model makes clear predictions
of canonical shrinkage I, for all #, in the reactions yp — A**7~ and vd — pn.
These processes isolate the I, = 1 and L, = 3 exchanges, respectively.
There is no possibility of a conspiracy between two sets of exchanges in
order to produce a flat Agy¢s for these processes.

3.2.4. Vector dominance

In this and the next subsection, we discuss two theoretical questions
relevant to all models treated 1n this paper.

Predictionsof the vector-dominance model are embodied in eq. (2). As
discussed at length in sect. 2, there are striking differences between pure-
ly hadronic and photoproduction data; these are difficult to understand
qualitatively within VDM or, indeed, any model. Until this situation is
clarified by further experiments (e.g., those suggested in subsect. 2.4), it
seems to us pointless to try to apply quantitative VDM predictions. Corre-

* Presence of NB weakens this conclusion,
This mdi'catlon becomes a quantitative prediction 1f we invoke VDM,
Ile., Aaeff = 0.9; see footnote at the end of subsect, 2,1.
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spondingly, we have not enforced VDM constraints in any fits presented in
this paper.

It is also important to note that, in two of four models (the fixed-pole
and fixed-cut models), the dynamics of photoproduction are assumed to be
profoundly different from purely hadronic reactions. This invalidates VDM
automatically.

Predictions of VDM may be applied in the strong-absorption model; 1n
fact, a good simultaneous fit to strong and electromagnetic data was ob-
tained by the Michigan group [38]. However, even 1n their work, the im-
portant qualitative differences between yp — N7 and hadronic data, dis-
cussed 1n sect. 2, are not predicted by the model. The differences emerge
accidentally; they are fitted by adjusting values of various parameters. We
are unwilling to state that these differences are merely an accident; there-
fore 1n our SCRAM fit (described in subsect. 3.5), we do not enforce VDM.

3.2.5. Pole extrapolation

Regge-pole amplitudes may be extrapolated* from the scattering region
(# < 0) to the resonance region, where « > 0. Near the location of a reso-
nance alorég a particular trajectory, the amplitude 1s proportional to
RJ/(u- M%), where J denotes the spin of the resonance. Residue R j1s
specified completely by the Regge-pole amplitude; physically, 112 J1s the
coupling strength of the resonance. In yp —Nm, Ry« (I T p)z, where
I'x is the elastic width for decay into channel X. For the nucleonT,
A501236), D13(1520), D15(1670) and F15(1688), experimental values of R
are known directly from low-energy phase-shift analysis of photoproduc-
tion [39, 40]. Complete vindication of a particular phenomenological model
requires that both the scattering data and the coupling strengths of reso-
nances be reproduced in the fits.

In our study of 7N backward scattering [17], we learned that no model
connects the scattering and resonance regions successfully. Similar dis-
crepancies are found to exist in photoproduction+.

In conformity with our earlier notation [17], we again use -;/R(\/ﬁ) to de-
note the reduced residue function of a Regge-pole amplitude. Values of
Yr( Vu) at discrete values of Vu = MR can be calculated from the R j defined
above; here, Mp denotes the mass of a given resonance along a particular
Regge trajectory. If one makes the choice sg =1 GeV?2 for the Regge-scale
factor, then these discrete (resonance) values suggest that yg( Vu) is a
slowly varying function of Vu. The value yg(0) and its derivative dyg(0)/dvu
are determined by fits to scattering data. Just as in 7N scattering, Worden
finds that yR(0) is systematically smaller than yRr(MR). The discrepancy is
particularly great for As exchange, where yR(0) = 3;YR(Ma).

In our work on 7N scattering, we were forced to use complicated residue

* The remarks of this subsection apply for all models treated 1n this paper. How-
ever, 1n each model, only the Regge-pole component of scattering amplitudes 1s
extrapolated to the resonance region.

T For the nucleon, of course, the couplings are just the electric charge and mag-
netic moment.

f Private communication from R. Worden, California Institute of Technology.
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functions in order to fit scattering and resonance data simultaneously. For
example, 1n a parametrization of the form y(Vu) = a+bVu + cu +d(Vu)3,
large values of parameters ¢ and d are necessary in order to obtain re-
spectable fits to resonance widths. However, good fits to scattering data
alone are possible with the simpler choice ¢ =0 and d = 0. For backward
single-pion photoproduction, there are more amplitudes and, therefore,
correspondingly more parameters than for 7N backward scattering. Fur-
thermore, there are fewer data points. As a result, we abandon pole ex-
trapolation constrants in all fits to yp data. To reduce the number of pa-
rameters 1n yp scattering, we elect to keep residue functions as simple as
possible.

3.3. Fixed-cut (HIPPIE) model

Dafficulties inherent 1n the pure Regge-pole approach suggest that a
model with substantially different properties, as a function of s and «, is
required 1n order to reproduce yp — N7 data. One such possibility is the
fixed-cut model first proposed by Carlitz and Kislinger [4] and then gener-
alized by Bardakci and Halpern [5]. We have already discussed applications
of this type of model to backward 7p scattermng [17]. In this subsection, we
begin by describing features of the model in some detail. We establish the
characteristic energy- and momentum-transfer dependences expected of
amplitudes in the fixed-cut approach. Finally, we present and discuss our
fits to photoproduction data.

3.3.1. General motivation

The initial motivation for a fixed-cut model was quite independent of
scattering data. Rather, the principal object was to provide a formalism in
which fermion poles occur with unique parity.

Simple Regge-pole theory predicts that when the trajectory function
a(u) = a(u)-3 = M, an integer, then a pair of particles materializes. These
two particles have the same spin J and mass, but they have opposite par-
ity. In Nature, at least for small values of J, fermion states do not appear
doubled. In simple pole models, with or without absorptive cuts, this can
only be parametrized; explicit zeroes are introduced into residue functions
of Regge trajectories in order to eliminate the unobserved member of a
given parity doublet.

Carlitz and Kislinger showed that one can ensure the observed particle
parities, for all states along a trajectory, at the cost of associating a fixed
cut with each trajectory j = a(f). The branch point is located at j = o, the
value which the Regge trajectory assumed at # = 0. The singularity struc-
ture of the resultant y-plane is sketched in fig. 6a; explicit expressions for
amplitudes are given in appendix B.

3.3.2. Previous development

In the scattering region, the extent to which the fixed-cut component
controls energy- and momentum-transfer dependences of do/du depends, of
course, on the magnitude of the discontinuity across the cut. This changes
for different trajectories and for various assumptions made about the resi-
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due of the Regge-pole component. Moreover, treatment of signature offers
additional freedom.

In our paper on 7N backward scattering [17], we defined three versions
of the fixed-cut approach. They were denoted FULL HIPPIE, NAIVE
HIPPIE and SUPER HIPPIE. In all three, amplitudes are a function of the
variablle * 0. The discontinuity across the fixed cut is proportional to
(a- ay)2C.

Attempts to fit (hadronic) 7N backward scattering data with fixed-cut
models have met with little success. Natural predictions of the approach
include (a) relatively slow variation of do/du versus « and (b) energy de-
pendence of do/du scaling as s2a0-2 (no shrinkage). These predictions,
both of which are in clear disagreement with hadronic data (cf. fig. 2), can
be attributed to dominance of the fixed-cut contribution, whose discontinu-
ity varies little with # and is always concentrated near the tip of the cut, at
J = ag.

Although the fixed-cut model is unsuccessful for hadronic reactions, we
are encouraged to apply 1t to photoproduction processes where its natural
predictions are 1n qualitative agreement with data. Therefore, we proceed
now to a more complete exposition of the characteristic s- and u~proper-
ties of amplitudes 1n the fixed-cut model.

3.3.3. Behavior as a function of momentum transfer

In the HIPPIE approach, scattering amplitudes are given in terms of
function Jg(u, s). These functions have both a Regge-pole component and a
fixed-cut contribution. The pole term has the form
7r(1+Te 7701) ( ) 6)
2T (1+4a) sinwa (

Symbols @, sg and T have the same meaning as 1n eq. (4); here, b is the
slope of the Regge trajectory, o = ay+bu. Function g;(#) is a regular func-
tion of #; for example,

-()2 g ()

g,() = (a, + byu + c;u? +...) exp(p,4) , ("

where u,, a;, b,, ¢;, d; ... are constants. Index ¢ labels different spin am-
plitudes, as described in appendices A and B.

In addition to the pole component given above, J ! also has a contribution
from the fixed branch point singularity located at J = ag. This contribution
cancels the singular behavior (bx)z? of the pole term at « = 0. The full
function J, o(“ §) 1s analytic at # = 0.

In appendix B, we give explicit expressions for J o(u s). There, we de-
fine three versions of the fixed-cut model. All three give the same Regge-
pole term, eq. (6); they differ only 1n discontinuity across the fixed cut.
The NAIVE HIPPIE and SUPER HIPPIE versions, defined in eqs. (B.2) and

* In the Carlitz-Kislinger paper, o =-1, we follow the Bardak¢i-Halpern scheme in
which 0 is a variable.
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(B.3), respectively, involve relatively simple analytic expressions for
Jo{#, s). In FULL HIPPIE, a fairly complicated integral (eq. (B.5)) is in-
volved in the definition of Jy(«, s). This integral is both time consuming to
compute and obscures predictions of the theory.

Typical behavior of HIPPIE models as a function of «# and ¢ is illustrated
in fig. 7. We have computed do/du for 7N backward scattering using Ny and
Ag exchanges, separately, and various values of ¢. Formalism for back-
ward yN — N7 differs from that for backward 7N — N7 only by a trivial
kinematic factor *, common to all versions of HIPPIE; therefore, the
curves 1in fig. 7 are also relevant to our analysis of yN — Nr.

Before analyzing the 7N results shown in fig. 7, we first 1dentify explic-
itly how they are obtained. Curves shown in fig. 7, are based on the follow-

* See discussion in appendix A,
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Fig. 7. For 7N backward scattering, we present a series of do/du curves which show
variation of u-dependence of HIPPIE models as 0 1s changed. Two different exchanges
are 1llustrated; A results are computed at pj,), = 5 91 GeV/c, and Ny values at 6.0
GeV/c, In all graphs, the solid line 1s FULL HIPPIE, the dashed line 1s SUPER
HIPPIE, and the dot-dashed line 1s NAIVE HIPPIE, The reduced residue function

gB = 1 for both Ny and Ag exchange.

ing specific choices 1n our expression for the Regge-pole term *, eq. (6):
So=1 (GeV)2 and gg = 1. In our treatment of 7N scattering [17], we pa-
rametrize invariant amplitudes 4 and B. Therefore, gp denotes the resi-
due of the B-amplitude. The residue go, of the other 7N invariant ampli-
tude, is fixed 1n terms of gg by the requirement that parity doubling be
abolished . We set gp = 1 simply in order to examine natural predictions
of the model, unencumbered by complicated reduced residue functions.
Once trajectories have been specified, these choices of gg and s deter-
mine HIPPIE results completely.

The curves in fig. 7 demonstrate several points about #-dependence of
do/du. First, the NAIVE HIPPIE and FULL HIPPIE models are always
qualitatively similar. Obviously, the additional cut contribution in the

* For motivation of the choice sg =1 GeVZ2, see subsect. 3.2.5.
T Details are given 1n ref, [L7].
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FULL version is relatively unimportant; the most important features of the
HIPPIE model are represented by the (analytically simpler) NAIVE version.
Second, for the N, exchange, figs. Te through 7h, we call attention to the
fact that no evidence of dip structure near # = -0.15 (GeV/c)2 is apparent in
the FULL HIPPIE and NAIVE HIPPIE results. This is true in spite of the
fact that the input N, Regge-pole term does vanish at a WSNZ point
aN, = -1(x =-0.15 (GeV/c)2). The smooth fixed~cut contribution 1s obvi-
ougly overwhelming *, even at a value of # as small as -0.15 (GeV/c)2. On
the other hand, the SUPER HIPPIE curves do show dip structure at WSNZ
points T. Unfortunately, however, figs. 7e through 7h also show that SUPER
HIPPIE predicts that do/du has a larger value at # =~ -1 (GeV/ ¢)2 than at
u = 0. This anti-peripheral aspect is in clear disagreement both with data,
of course, and with predictions of simple pole models, as shown in fig. 8b.
Inasmuch as WSNZ dips are not observed in backward yN data, we deem
our SUPER HIPPIE version irrelevant for this problem. Its anti-peripheral
nature makes 1t suspect also for studies of purely hadronic processes.
Finally, we note that the shape of do/du curves shown 1n fig. 7 varies
very slowly as ¢ 15 changed. Although the fixed cut becomes weaker as o is
increased (1.e., 0 made more positive), do/du does not become significant-
ly more peripheral. This is superficially contrary to what might be ex-
pected. However, we note that the pole residue is proportional to 27,
Therefore, the contribution from the pole term becomes more suppressed
at small # (and, thus, less peripheral) as ¢ is made more positive. It is
also interesting to see explicitly that, in the HIPPIE model, do/du« is al-
ways less peripheral than corresponding results from a simple Regge-pole
model. This latter result is illustrated in fig. 8a, where HIPPIE results
are contrasted with two versions of a pure-pole model of Ay exchange. In
the first (solid line), the Ag reduced residue is adjusted to abolish the par-
ity twin of the JP =3+ A(1238); normalization is fixed by the choice gg = 1.
In the second version (dashed line, spin-flip), gg = 1 and gp = ~M 1n order
that the s-channel non-spin-flip amplitude A + MB = 0.

3.3.4. Behavior as a function of energy

Having just established the salient characteristics of HIPPIE amplitudes
as a function of #, we now turn to their s-dependence.

In general, energy dependence of HIPPIE models is quite complicated.
As an illustration, we imagine that the discontinuity across the cut is
largest near the branch point, at j = ¢,. The amplitude is then a linear
combination of two terms: one with energy dependence sao, given by the
cut ¥, and the second with energy dependence s¥%) = sQ+Q'%  given by the
Regge-pole component. As a result, the overall energy dependence s%eff(#

* In ref. [17], 1n order to fit backward 7N data, we had to reduce the fixed-cut con-
tribution artificially, by parametrizing an extra zero in the N, reduced residue
function.

TIndeed, the choice of acronym SUPER reflected our 1nitial elation at discovering a
version of HIPPIE which might reproduce the pronounced dips near Gy @ -11n
backward 7*p and 7 p CEX.

1 1In this description, we ignore powers of logs.
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Fig. 8. In this figure, we compare magnitudes and shapes of do/du obtained from our
SUPER HIPPIE model with those from simple Regge-pole models, Parameters used
to compute our curves 1n part (a) are detailed at the end of subsect, 3.3.3, for SUPER
HIPPIE curves 1n both (a) and (b), parameter ¢ = -1, In (b), the invariant amplitude
B for Ny Regge-pole exchange has reduced residue gg = 1, moreover, 1n the pure-
pole model, residue go = 0. In the pure-pole model, this latter choice guarantees
unique parity at the nucleon pole position, a result which 1s automatic in HIPPIE
models.

depends upon the relative sfrength of the pole and cut contributions, as a
function of u.

The strength of the cut contribution is influenced by the value of o and
(for FULL HIPPIE and NAIVE HIPPIE) by the position of the first WSNZ in
the basic Regge-pole amplitude. Let us examine o first. Inspection of eq.
(B.1) shows that the cut grows stronger the more negative one takes o.
This effect is also 1llustrated in fig. 9; there, for values of # = 0 and
-1.7 (GeV/c)2, we contrast effective energy dependence of NAIVE HIPPIE
models with ¢ = -0.25 and -1.5. We evaluate, in turn, pure N,, As, and
D15(Ng) exchanges. In each case, we plot E2-200 do/du versus E ona
log-log scale; therefore, if the dommant singularity were fixed a% 1=0g A
flat horizontal line would result. We note that for a given exchange and
fixed value of %, curves with ¢ = =1.5 are closer to flat behavior than those
with ¢ = -0.25.

Comparison of N,, Agand Dqyg5 results i fig. 9 also demonstrates the
effect of WSNZ location on strength of the cut. For Ag, with the first
WSNZ at u = -1.7 (GeV/c) , this effect is relatively unimportant; the fixed
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Fig. 9. For various exchanges, sohd curves show energy dependence of the quantity

Elza_lf % do/du predicted by NAIVE HIPPIE; @, 1s the intercept of the Regge-pole at
% = 0. Results are given for two values of % and two values of parameter o, 0= -0.25
corresponds to a 'weak' fixed-cut and 0 = -1.5 to a 'strong' fixed-cut contribution,
For each curve, only energy variation 1s significant. Relative normalization between
curves 1s arbitrary. In a simple Regge-pole exchange model, do/du < Efa'“ where

@' 18 the slope of the Regge-trajectory; dashed curves show predictions of this mod-
el, for @' ® 1 (GeV/c)~2,

cut is always dominant. However, the strength of the fixed cut is markedly
reduced for N, exchange, whose first WSNZ is located at # = -0.15 (GeV/c)z.
An intermediate case is D15(Ng) exchange with a WSNZ at u = -0.6 (GeV /fc)2.
Stated roughly, we see that as we increase o towards zero and move the lo-
cation of the first WSNZ toward « = 0, the strength of the fixed cut is weak-
ened; a complicated energy dependence results from pole/cut interplay.

We now call attention to a third feature evident in fig. 9. Take, for ex-
ample, N, exchange with 0 = -1,5 and u = -1.7 (GeV/c)4. We see that after
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an 1nitial steep decline, E2-2a0 do/du flattens to a nearly horizontal line
above Ej,y, ® 10 GeV. This must happen in all cases simply because the cut
term, proportional to sao, however small its contribution at low energy,
will eventually overtake a pole term proportional to s207®%, On the other
hand, note that for Ny with 0= -0.25 and « = -1.7 (GeV/c)z, flat behavior
does not set in until Ej,p, > 100 GeV.

Are such subleties of merely academic interest” We make two com-
ments. First, i1f we plot experimental values of do/du, versus E, at fixed
u, on a log-log scale™, then we observe none of the delicate behavior pres-
ent in curves of fig. 9. However, available data cover a very small range
of energy. The fixed-cut approach suggests that by NAL energies, do/dt for
processes like 7°p —7%n (which now show canonical shrinkage) will gradu-
ally stop shrinking. Asymptotic cross sections will be controlled by a high-
lying fixed cut with small strength.

The second deduction is more relevant to our immediate study of yp — N7
Indeed, the absence of subtle energy variation in yp data requiresT that
GNQS -1.2. Alternatively (or in addition), a large N, contribution ¥ 1s nec-
essary 1n the I, = 3 exchange channel; because the first WSNZ for N, is
located at much larger ]u] , the restriction on ¢ is less severe.

3.3.5. Fits to data
3.3.5a. Trajectories

Comparison of figs. 5 and 6a suggests that the desired energy depend-
ence of do/du = El’a3 (Aaeff ~ 0) 1s achieved through dominance of the N,
fixed cut. This implies dominance of I, = 3 exchange, which, although con-
sistent with yp — n7t and yp — pn© data, cannot be proven because two
charge states are insufficient to disentangle three possible isospin ex-
change amplitudes ([, = 3 I, = i, 1soscalar y; I, = i, isovector v).

In addition to Ny, we may include A, Ny and Ng exchanges. There are
really too few data points to determine parameters for so many amplitudes;
therefore, we ignore Ng entirely. As we will now describe, good fits are
possible with either N, and A or with Ny, Ny and As exchanges.

3.3.5b. Curves

Technical details and explicit expressions for amplitudes are relegated
to appendices A and B. We have obtained several good fits to data. Param-
eters and x2 for three of these fits are listed in table 1. In fig. 10, we dis-
play one of our NAIVE HIPPIE fits to do/du, obtained with parameters of
table 1b. Absence of shrinkage is reproduced nicely. In all fits, there is
some difficulty 1n achieving turn-over of do/du, near u = 0, for both charge
states simultaneously. The two NAIVE HIPPIE fits differ: in the first fit A,
only N, and Ag exchanges are employed, whereas in the other fit B, Ny ex-
change is included also.

Parameters for our FULL HIPPIE fit are given in table l¢, and an ex-

*C.f., figs. 18 and 19,
T See fit A discussed 1n subsect. 3.3.5.
1 See fit B discussed 1n subsect. 3.3.5.
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Table 1
Parameters of HIPPIE fits.

Table la. NAIVE HIPPIE * fit A.

29

A5 No
o =-0.45 + 0,9u O =-0.84 + 0.9u
g=-1.75, U =145 o=-1.33, L=~0.005
1sovector photon
gy = 0.1050 g1 = ~9.58 + 0.76u
&9 = -0.6250 89 =245 + 1,05u

1soscalar photon

g1= 155
89 = -2.42

X2(yp —nm*) = 70 (on 41 data points),
X2(yp — pm©) = 100 (on 35 data points).

Table 1b, NAIVE HIPPIE * fit B.

Aﬁ Na N.},
o =-0.45+ 0.9u a = -0.842 + 0.9
o=-12, Uu=-0.09 o=-1.22, iU =0.614
1sovector photon
&= 0.141c¢ gy =-1.88 & =-2.19
g9 = -0.616a g9 = 5.73 g9 = 5.14
1s0scalar photon
g1 = -1.07 &1 = -0.554
g9 = 4.42 g9 = 1.92

Xx2(yp— n7*) = 53 (on 41 data points),
X2(yYp— pmO) = 90 (on 35 data points),
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Table 1 (continued)
Table le. FULL HIPPIE * fit

Aé Nd

&=-045+ 0 9u Q= -0.84 + 0 9u
o=-1.24, U = 6.47 0 =-0.786, |4 = 0.909

1sovector photon

gl = 0.1190 81 = -26.3
g9 = -1.030 8o = 50.9

1soscalar photon

gy = 149
g9 = -0.109

Xz('yp —n7*) = 72 (on 41 data points),
x2(yp — p7©) = 85 (on 35 data points).

* Trajectories are not varied, Amplitudes are given by egs. (7), (B.1), (B.4), (B.5)
and (B.8). For general formalism, see subsect 3.3 and appendices A and B,

ample of do/du is shown in fig. 11. Our FULL HIPPIE fit exhibits a bit too
much shrinkage in yp — n7*; as explained in subsect. 3.3.4, this may be at-
tributed to the fact that the value o = -0.786 gives the N, a 'weak' fixed cut.
The addition of some Ny improves the {it, at the cost of more parameters.

We recall that FULL HIPPIE is more complicated analytically than
NAIVE HIPPIE; an additional complicated (cut) integration must be per-
formed numerically. However, as we explained earlier and demonstrated
in fig. 7, the additional cut contribution is small for small |u| and does not
alter qualitative properties of the theory. We confirm this fact 1n fig. 11,
in which we display a decomposition of our FULL HIPPIE result into 1ts
NAIVE HIPPIE component and the remainder.

3.3.6. Analysis and predictions

As forecast above, the contribution of Ag exchange is small in all of our
fits; we illustrate this in fig. 12. In the fixed-cut model, this result is
forced by the fact that Aager =~ 0. Aside from this conclusion, however,
coupling parameters are not well established. Theory and meagre experi-
mental data determine structure of amplitudes so poorly that we can have
no confidence in predicted asymmetries (see sect. 4) for scattering of po-
larized photons and/or scattering from polarized nucleon targets.

If the A contribution were exactly zero, we would predict

o(yn —pr~) = 20(yp —pn°) , o(yp —nrt) = 20(yn —~nr°) .

Although the Ag contribution is not zero in HIPPIE fits A and C, these
equalities are nevertheless well satisfied in the theory at large |u [ In fit
B, the Ag contribution is sufficiently large to upset the predictions. Conse-
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Fig. 10. Curves computed from parameters of our NAIVE HIPPIE fit B (table 1b)

are contrasted with data. In (2), we display only the latest SLAC data on yp— n7*

[9], the complete set of data is shown 1n fig, 1a, Numbers next to curves denote pho-
ton lab energy 1n GeV.

quently, neither measurements of polarization nor of do/du for these other
charge states in yn — N7 will provide a decisive test of our HIPPIE models.
The most crucial prediction of fixed-cut models involves energy depend-
ence of processes which have purely I, = }or L, = 3 exchange. In fact, the
model predicts that do/du for I, = § exchange processes (e.g., yp — At+7™)

will have energy dependence E-l.a%b’ for all u, not the Eigb behavior of

present yp — N7 data. However, do/du for I, = 5 exchange processes (e.g.,
yd — pn) should scale as Efgb just as do present data.

3.3.7. Unitarity in the #-channel

As remarked earlier, in HIPPIE models there is a fixed branch-point
singularity in the j-plane of the form (7 - ao)io. Fits to backward 7N data
[17] and to backward single-pion-photoproduction data determine that o <0.
Values of 0 > 0 lead to unreasonable u-dependence of do/du (cf. fig. 7). We
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Fig. 12. An example is given of our NAIVE HIPPIE fit A, for which parameters are
Listed in table 1a, We also show, separately, values of do/du computed from the Ag
amplitudes and from the Ny (18ovector photon) amplitudes.
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now discuss the fact that unitarity in the #-channel forbids such singular
fixed cuts (0 <0) in purely hadronic processes [57]. On the other hand, no
such theoretical constraint is present for the singly weak process yp — N7.
Indeed, in yp — N7, fixed-pole singularities are also allowed, whereas
unitarity forbids their presence in purely hadronic reactions [41].

Unitarity in the u-channel offers, therefore, an explanation for the fact
that HIPPIE models are successful in reproducing yp — Nx data but seri-
ously inadequate for 7N — N7 [17]. Because singular fixed-cuts are for-
bidden in #N — N7, current versions of the HIPPIE model should not be ex-
pected to work for this reaction. One may surmise that in a correctly
unitarized HIPPIE theory for purely hadronic processes, the strong cut at
J = ag will be weakened, thus restoring to amplitudes the marked variation
with s and # observed 1n hadronic data. By contrast, absence of the unitar-
ity constraint in yp — N7 justifies the assumption that amplitudes for this
process are dominated by a singular fixed-cut contribution. The apparent
theoretical dichotomy between yp — N7 and 7N — N7 is removed.

For the sake of clarity, we review the usual strong-unitarity arguments
for elastic scattering of spinless particles; for treatment of the more gen-
eral case of coupled-channels with spin, consult the lectures by Oehme
[41]. Essential results are unchanged.

Let u, denote the elastic threshold in the u-channel, and let u«j denote
the first nelastic threshold. For «, < u < uy, the strong-unitarity relation
for partial-wave amplitude f] is given by

Im f, = ¥, *, (9)

where % 1s the u-channel c.m. momentum.
We now define reduced partial-wave amplitudes

a(3,u) = k"% f) . (10)
We set ut = u+i€ and 4~ = u-1€. Then eq. (9) may be re-expressed as
a(3,u*) = ol 3,u”) = 26k a(5,uM)a(s,u") . (11)

This equation is true for all real and complex j.
In the neighborhood of a Regge pole,

a(y, ) = 54 (12

This expression satisfies eq. (11), and we may in fact use eq. (11) to derive
the (u-dependent) imaginary part of a(«). In the case where g(«) is real,

Im () = g2+ . (13)

By contrast, near a fixed-pole in the y-plane,

a(g,u) =< (14)

J-af’
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In this case, eq. (11) cannot be satisfied; the left~hand side has a simple
pole, whereas the right-hand side has a double pole. Therefore, strong
unitarity forbids fixed poles in the j~plane.

Similar analysis shows that eq. (11) also excludes fixed branch-point
singularities of the form

a(3,u)< (3-ap), With A<0. (15)

Consequently, HIPPIE cuts with o < 0 are forbidden in strong processes.
Those with ¢> 0 are presumably allowed, but, as we demonstrated earlier,
they lead to unreasonable #-dependence of do/du.

In weak or electromagnetic processes, linear unitarity (more accurate-
ly, the absence of bilinear unitarity (cf. eq. (11)) allows fixed poles and/or
singular fixed cuts 1n the j-plane. For reactions like yp — N7, with #-chan-
nel amplitude b(y,u), unitarity in the #-channel assumes the form

b(g,ut) = b(g,u”) < a(g,u”)b(g,u") . (16)

Here a{j,u) 15 a purely hadronic amplitude *. Note that a fixed singularity
may be present in b(7,u), without violating eq. (16).

We remark that eq. (16) cannot be used to prove that fixed singularities
exist. Rather, 1s does not exclude them from processes such as yp — Nw.
In particular, eq. (16) supports our contention that it is not unreasonable to
assume that the theoretical j-plane structure of photoproduction processes
is very different from that of purely hadronic reactions. We are justified
theoretically in advocating HIPPIE models or fixed-pole models (see next
section) for photoproduction while excluding their use in hadronic pro-
cesses. Phenomenologically, these fixed-singularity models offer a natural
explanation for the universal behavior (Eigb do/du < exp (#)) of yp—Nr data.

3.4. Fixed-pole model

For purely hadronic processes, u-channel unitarity forbids the pres-
ence of singularities in the y-plane whose position 1s independent of #. The
usual arguments for this assertion were reviewed in subsect. 3.3.7. There-
fore, 1n strong-interaction processes, we do not expect to find fixed-pole
type singularities in the 7-plane without, for example, compensating or
shielding cuts. However, in photoproduction, unitarity does not forbid fixed
poles. Generally, these may occur at 7 = 3(2z- 1) in fermion channels, and
at 7 = n 1n boson channels; n is an integer which, empirically, is < 0.

In this section, we postulate that fixed poles dominate photoproduction
amplitudes. This model has considerable phenomenological appeal. I fixed
poles occur at =0, -1, -2,..., in the meson-exchange model, and at
7=-%,-%,..., 1n the baryon-exchange channel, then we predict directly
that do/d¢ scales as Eia?b’ for forward yp processes, and that do/du scales
as Ei'gb, for backward yp reactions. Both predictions are in immediate

* For a more precise equation and other references to unitarity in weak processes,
consult ref. [42].
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qualitative agreement with data. The difference between the energy depend-
ence of forward and backward processes is explained nicely. By contrast,
in all other models, considerable adjustment of parameters is required to
reproduce the remarkable energy dependence of photoproduction data. It is
only 1n the fixed-pole model that the energy dependence of do/du 1s inde-
pendent of details of coupling structure and quantum numbers of the ex-
changes.

Although fixed-pole models are appealing for phenomenology, they are
said to be unattractive theoretically. We have met no theorist willing even
to discuss the possible validity of these models. Certainly, fixed poles are
not expected 1n theories in which particles are composite *. Moreover, if
they are present in the j-plane, fixed poles are expected to be associated
with elementary particles, e.g., the nucleon or the members of the 0~
meson nonet. Such fixed poles would lie at j = 3 (for backward scattering)
or have the coupling structure of the pseudoscalar nonet (for forward pho-
toproduction). The fixed poles necessary to reproduce yp data have neither
of these properties.

In order to reproduce energy dependence of yp — N7 data, it is clear
that the dominant (baryon) fixed pole must be located at j = -3. However,
very little can be said about either the residues of fixed poles or their 1so-
spin. We must simply adopt what is required to fit data.

3.4.1. Fits to data
We must specify our choices of both Regge poles and fixed poles. Be-

* See the discussion in ref, [58].

Table 2
Parameters of fixed-pole model T fit.
A Ny 'Ng' fixed pole
O =-0.45+ 0.9u 0 =-0.84 + 0.9u a=-10
KH=1.0 K = 0.853 KL= 0,744
1sovector photon 1sovector photon
vy =0.847 mpy+Vuy ;= -2.07 (M-u) v, = -0.0193 (M-Va)
Y9 =1.36 (mp+Vu)  yy= 1.31 M-Vu) Vg = -0.0162 (M~ V)
1soscalar photon 1soscalar photon

vy = -0.132 (M- Vu) ¥y = 0.0016 (M- V)
Vo= 0.897 (M-Vu) vy =-0.00255 (M -Vu)

X2(yp -—*n7r+) = 34 (on 41 data points),
X2(¥p — pm©) = 103 (on 35 data points)

T Trajectories are not varied in the fit. The fixed pole 1s set at & = -1. All other
numerical values listed here are determined by fitting data. Amplitudes are given
in subsect. 3.4 and appendices A and C.
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cause such a small quantity of yp data is available, we limit ourselves to
the Ng and Ag Regge poles and one fixed pole. For the Regge-pole residues,
we restrict functions y( Vu), defined 1n appendix A, to be linear functions of
vu. Explicitly,

vo(Yu) = (a,+b,Vu) exp (uu) . (1M

Moreover, we fix the ratios a,/b,, for both As and N,, 1n order to elimi-
nate parity doubling at the N(938) and A5(1236) poles - i.e., we ensure that
our amplitudes produce only poles of the observed parity at the nucleon and
A(1236) positions.

The fixed-pole amplitudes are described in appendix C. For definiteness,
in these fits to yp — N7 data, we specify a fixed pole of 1sospin 3. We re-
turn to a discussion of isospin later.

Parameters of our best fit with the fixed-pole model are given in table 2.
Curves computed with these parameters are compared with yp — N7 data in
fig. 13. Except for structure in yp — pn© near u = 0, the fit provides a good
representation of both s- and u-dependence of data. A particularly inter-
esting feature of the fit is shown 1n fig. 14. Atu = 0, the Regge-pole and
fixed-pole contributions are of similar size. However, the Regge-pole con-
tribution* falls away rapidly as |#| 1s increased; the fixed-pole amplitudes
dominate the cross section at large |«|.

The necessity of fixed-pole dominance at large yu\ is obvious from inspec
tion of fig. 6b; to reproduce the empirical result Aages(v) ~ 0, for all u, we
cannot tolerate much contribution from the Ny or A5 Regge-pole exchanges
atlarge |u \ Presumably, fixed-pole dominance at large u 1s a general re-
sult; therefore, within this model, all yp backward processes should have
universal energy dependence Efasb and universal u-dependence exp (). Cor-
respondingly, unlike the fixed-cut model, we predict that do/du for
yp — At~ will scale as Ef:fb’ not as Efa?b; we also expect the u-depend-
ence of do/du to change from the present exp (3u), at small #, to a 'univer-
sal' exp (#) behavior 1.

3.4.2. Predictions

A priori, the fixed-pole model is very flexible. Energy dependence is
the only distinctive and unambiguous property of the model. To make other
predictions, we assume that all characteristic features of present photo-
production data can be attributed to some universal fixed-pole structure.
Correspondingly, our predictions for momentum~transfer dependence (sub-

* Note that our 'Ny Regge-pole' contribution does not have a dip near « = -0,15
(GeV/c)2. We deliberately omitted WSNZ factors from our N Regge-pole ampli-
tudes. This 1s equivalent, here, to assuming strong exchange degeneracy of Ny
and Ny poles. We did this in order to make certain that it 1s the energy depend-
ence of yYp data and not its u-dependence which determines the relative contribu-
tions of fixed-pole and Regge~pole amplitudes. One can obtain equally good fits
with WSNZ factors in the Regge-pole amplitudes,

T This assumes, of course, that the same type of fixed-pole couples to the I, =%
and I,, =  channels. See below.
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Fig. 13, Curves computed from parameters of our fixed-pole model fit are compared
with a selection of data [9,10]. Parameters are given in table 2. Numbers next to da-
ta indicate photon lab momentum in GeV.
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Fig. 14. We give an example of our fixed-pole model fit. We also show the separate
contributions to do/du from Ny Regge-pole and 'N,' fixed~pole terms in the isovec-
tor photon I,, = § amplitude,
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sect. 3.4.2b) and for quantum numbers of exchange amplitudes (subsect.
3.4.2c) are more speculative than our assertions about s-dependence in
subsect. 3.4.2a.

3.4.2a s-dependence

Photoproduction differential cross section should scale as Efa?b’ for for-

-3 .

ward processes, and as Eq,p for backward reactions. These predictions
hold for all values of momentum transfer away from the immediate forward
and backward peaks (1.e., |¢| > 0.5 and |u| > 0.5 (GeV/c)2). These asser-
tions are independent of both quantum numbers and spin-coupling proper-
ties of the exchanges.

3.4.2b {- and u~dependence

We expect the universal behavior do/df « exp (3f) for forward reactions
and do/du < exp (1) for backward scattering. These predictions hold for
|#| > 0.5 and |u| > 0.5 (GeV/c)2, respectively.

3.4.2c Quantum numbers and exotic exchange

Fixed poles are not expected to have the usual 1sospin structure of ha-
drons. In particular, we suggest that large violation* of the pure Iy = }
rule, observed in yN — KX [43], is due to an exotic Iy = 3 fixed-pole ampli-
tude.

To motivate our suggestion, we begin with the remark that the ratio of
cross sections for the purely hadronic 'allowed' reaction 7tp — KtZ* to
that for the exotic process 7~p — K=~ is measured to be approximately
3000 at py4p = 5 GeV/c [44,45]. In terms of scattering amplitudes with def-
inite 1sospin 1n the {-channel, we write

A

2
+ 54y |

<l

do
ar (mtp— Ktz = |34

o g

) (18)
do , . - h,2
a TP —K'ET) = 1457 (19)
2
Superscript h denotes 'purely-hadronic’; subscripts give values of isospin

in the #-channel. We deduce that

(20)

NI}%&:
[
3~

We may describe the photoproduction process yN — KZ in terms of similar
{-channel amplitudes. In this case, we find [43]

* It 15 possible that the evidence for exotic exchange 1n YN —KZ and yN— 7A 18
1llusory. Perhaps the fault lies 1n poor understanding of deuteron corrections.
Neither theoretical arguments nor experimental evidence 1s conclusive either way.
For our present purposes, we assume that observed effects are interpreted cor-
rectly as exotic exchange.
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> 1
|2 10 (21)

> \ o
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at E151, = 11 GeV. This ratio is an order of magnitude larger than the ha-
dronic ratio.

We conclude that Regge poles present in strong processes have essen-
tially only 'allowed' quantum numbers. The extra measure of exotic ex-
change present in photoproduction is attributed to fixed poles, which cannot
occur in strong processes.

As a consequence of fixed-pole exotic exchange, we suggest that direct
production of exotic states 1s more favored in yp reactions than in purely
hadronic processes. In particular, we recommend close examination of the
K*7t mass spectrum in yp —» K*7+=~ and of the 7*7" mass spectrum in
vp - ntrtAT,

3.4.3. Pole extrapolation

In subsect. 3.2.5, we made several general remarks about extrapolation
of Regge-pole residue functions from the scattering to the resonance region.
Here, we comment briefly on one aspect of pole extrapolation specifically
relevant to the fixed-pole model.

We begin by noting a simple empirical fact. At, say, 10 GeV/c, we de-
fine @(0) to be the quotient of the cross sections at # = 0 for reactions
yp — nrt and 7tp — prt. Similarly, let Q(M) be the quotient of the coupling
strengths of the N, Regge trajectory to yp — nnt and 7tp —» prt atu = M2,
the nucleon pole position*. Empirically, Q(0) ~ Q(M), to within a factor of
two or so. This result suggests that Regge poles make a comparable con~
tribution to 7*p — pr* and yp — nrt at small u. In other words, we do not
expect the small #-behavior of do/du for yp — nrt to be dominated by fixed
poles (or by any other effect which cannot be present in purely hadronic
processes). Conservely, 1if yp — N7 were dominated at small # by some
non-strong effect, then we would expect @(0) > @(M).

As explained in subsect. 3.2.5, we do not enforce pole-extrapolation
constraints in our fits. Nevertheless, it is an important consistency check
on the validity of our fixed-pole model fit that the Regge-pole contribution
at # = 0 is comparable to the observed cross section there (see fig. 14).
Only at larger [u[ does the fixed-pole contribution dominate do/du.

3.5. Strong absorption model

Motivation for absorption corrections to Regge-pole exchange ampli-
tudes has been reviewed in several articles [3,46,47]. Our formalism is
described very briefly in appendix D. Essentially, a given input Regge-pole
term is modified in such a way that the resulting amplitude has both the

* At u = M2, these couplings are known a priory; they are not determined by extrap-
olating a high-energy fit to scattering data. For 7*p— prt, the coupling strength
18 the 7N cofipling constant, g2 (g2/4m = 15), For yp — N, the couplings are g
times the electric charge and magnetic moment of the nucleon,
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original Regge-pole term and, in addition, a Regge-cut contribution. The
moving branch pomt singularity in the complex j-plane has a slope o which
is approximately one-half that of the input Regge pole. Overall structure in
the j-plane is illustrated in fig. 6d.
Insofar as energy dependence is concerned, high-energy scattering am-
plitudes are ajllnear combination of a Regge-pole component, with energy
behavior s¢ Qo+bu  and a Regge-cut term whose energy dependence is

sac(u) ~ sao(u)+2 bu' The relative strength of these pole and cut terms (as a

function of #) 1s specified by the absorption prescription; it depends cru-
cially on assumptions made about #-dependence of the input Regge-pole
term. There are also differences of opinion as to how large the "absorption
constant' ¢ should be.

The two main versions of the absorption approach have come to be
known as the weak-cut (or Argonne) model and the strong-cut (or Michigan
SCRAM) model. In the former, Regge-pole terms have explicitly all WSNZ
factors, whereas, 1n the latter, mmput Regge-pole terms have no WSNZ fac-
tors. Moreover, in the strong-cut version, c¢ is usually about twice as
large as in the weak-cut approach.

Comparison of figs. 5 and 6d indicates that the absorption procedure will
reproduce empirical result Aaggs = 0 only if absorption cuts are sufficient-
ly dominant. This is not true in the Argonne model; indeed, the weak-cut
model suffers from the same deficiencies outlined in subsect. 3.2 for the
pure-Regge-pole approach*. Therefore, we consider only the strong-cut
version for the remainders of our discussion.

3.5.1. Fits to dataT

Reference to fig. 6d again, indicates that the result Aagep(v) =0, for all
u, requires dominance of the Ag absorption-cut term at large |u|. "This is
prec1se1y the opposite of the conclusion we reached in the contest of fixed-
cut models. In the HIPPIE approach, to achieve Agggr =~ 0, we had to make
the N, contribution dominant.

In addition to A5, we may choose one or any number of available I,, = 3
trajectories (N, N,, Ng, .. .). Data are relatively meager, so we select
only N,. Moreover, inasmuch as we ignore pole-extrapolation constraints
(cf., subsect. 3.2.5), it is sufficient to express reduced pole-residues
7,(/4) as linear functions.

vi(Ve) = (a,+ b; Vu) exp (uu) . (22)

Technical details may be found in appendices A and D.

In table 3, we give parameters of our best SCRAM fit to yp data. The fit
itself is displayed in fig. 15; agreement with both s and # dependence of da-
ta 1s excellent. In particular, we note that turnover of do/du near » = 0 is

* This was also our conclusion for backward TN scattering [17].

T A strong-cut fit to backward single-pion photoproduction has been published by the
Michigan group [38]. Unlike their analysis, however, we do not enforce VDM
constraints on our fits. See subsect. 3.2.4 for a dlscusswn of this point,
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Table 3
Parameters of SCRAM * fit (absorption constant ¢ = 1.25).
Ap Ny
& =-0.45 + 0.9u o =-0.84+ 0.9u
h=-1.30 u=1.17

1sovector photon

yy= 158+ 2.79Vu ¥y =-29 +11.51Vu
Yo =-8.43 - 1.15Vu Yo =-589+ 5.18Vu

1soscalar photon

v = -0.207 - 0.321Vu
Vo= 512 -715Vu

)( ('yp—-'n‘ir ) = 55 (on 41 data points),
X2Z(yp — pm©) = 26 (on 35 data points)

* Trajectories are not varied. Amplitudes are discussed 1n subsect. 3 5 and appen-
dices A and D.

reproduced for both charge states. For yp — p7r° the change in slope (or
break) apparent in do/du near « = -0.3 (GeV/c)2 is also accommodated
nicely. In fig. 16, we present curves which contrast the magnitude of over-
all (N, +4p) Regge-pole and absorptive-cut contributions. The decomposi-
tion of do/du shows that cancellation is fierce between pole and cut terms;
as a result of strong absorption, do/du is reduced by an order of magni-
tude from the value it would have if only Regge-pole exchange terms were
present. The decomposition presented in fig. 17 illustrates the relative
importance of N, and Ag contributions to do/du, as a function of u; this
shows the anticipated dominance of Ag at large |#| necessary to achieve
Aaggr = 0.

3.5.2. Predictions

As with other models, fits to data do not determine amplitudes. There-
fore, predictions of polarization quantities are meaningless. On the other
hand, precise measurements of energy dependence of yp — At*7~ and
vd — np should be clear-cut tests of SCRAM. These reactions isolate I, =
and [, = 12', as we have emphasized before. If SCRAM is correct, both
should exhibit shrinkage, unlike present yp data, with effective slope
a' = 0.5 (GeV/c)~2.

3.6. Other models

Thus far in sect. 3, we have studied four models. These are (i) a model
based purely on Regge-pole exchanges; (ii) a model in which both Regge
poles and fixed cuts are present; (iii) a model in which there are both Reg-
ge poles and fixed poles, but no cuts; and (iv) a model based upon Regge
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Fig. 15. Curves computed from parameters determined in our SCRAM fit are com~
pared with a selection of data [9,10]. Parameters are listed in table 3, Numbers
next to data denote photon lab momentum in GeV.

poles and moving cuts generated by absorption. These four models repre-
sent practically all the possibilities for singularity structure in the j-plane.
Correspondingly, essentially all conceivable energy dependences of do/du
have been considered.

However, we should mention that a fifth model, based upon complex
poles, has also been proposed. Moreover, these five models are not ortho-
gonal. In particular, one may entertain the possibility of absorbing fixed-
pole and fixed-cut amplitudes. Let us now turn to an examination of this
latter suggestion. Complex poles are treated subsequently.

3.6.1. Absorption of fixed singularities

In SCRAM (cf. subsect. 3.5), we assume, without any compelling theo-
retical motivation, that one should absorb an input amplitude representing
pure-Regge-pole exchanges. However, let us postulate a model in which
absorption is applied to a scattering amplitude representing fixed poles
and/or fixed cuts. It is evident from the absorption formalism that energy
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Fig. 16. We give an example of our SCRAM fit to yp — pn© at 12 GeV. Data are from

ref. [10]. We also show values of d0/du computed separately from the unabsorbed

net Regge-pole contribution (N, plus Ag) and from the destructive absorption
{moving cut) contribution to scattering amplitudes.
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Fig. 17. We present an example of our SCRAM fit to yp —n7t at 9.55 GeV. Also

shown are values of do/du computed from separate contributions of 1sovector Ny and

Ag exchanges. These Ny and Ap terms are the sum of corresponding Regge-pole
and (destructive) absorptive cut amplitudes.

dependence of the final amplitude in this model is essentially the same as
that of the input fixed-singularity amplitude. We recall that the only defini-
tive test of a fixed-singularity model is energy dependence of do/du. It is
clear that this test is not sensitive to the presence or absence of absorption.
Absorption will alter the #-dependence of amplitudes in the HIPPIE mod-
el. However, explicit calculations show that the shape of do/du is not al-
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tered significantly. In particular, for N, exchange in backwa:d 7*p elastic
scattering, no dip in do/du near u = -0.2 (GeV/ c)4 is generated as a result
of strong absorption of input NAIVE HIPPIE amplitudes. Although super-
ficially surprising, this result is understood easily. According to folklore,
the dip in do/du near u = -0.2 (GeV/c)2 is expected only if the spin-non-flip
amplitude dominates. However, in the HIPPIE model, the flip/non-flip ra-
tio is specified. Whatever the value of o, we find that the contribution from
the spin-flip amplitude fills-in any absorption dip associated with the non-
spin-flip amplitude.

3.6.2. Complex poles *

Recently, there have been theoretical developments in the study of Regge
trajectories which are complex for # (or ) < 0. It is argued that the phe-
nomenological effects of branch-point singularities in the j-plane (cuts)
may be reproduced adequately, over the current range of energies, by a
model based on exchange of a pair of complex conjugate Regge poles [48].
The resultant model enjoys the usual technical advantages of pure pole
models; 1 models with cuts, complicated and time consuming numerical
integrations must be performed to obtain scattering amplitudes. Further-
more, the complex-pole model is more general than the current crop of cut
models (absorption and HIPPIE). Existing cut model give specific expres-
sions for discontinuities across the cut; the complex-pole approach allows
more flexibility.

We may distinguish two versions of the complex-pole model. In the
first, complex poles replace moving (absorptive) cuts. In the second, com-
plex poles substitute for fixed (HIPPIE) cuts. Let us examine each of these.

In the usual applications of the first version, complex trajectories have
canonical slope (a' ® 1 GeV/c) ). They reproduce effects of the weak-cut
(Argonne), but not of the strong-cut (SCRAM) model. As we pointed out in
subsect. 3.5, only the latter model can fit backward single-pion photopro-
duction data. Correspondingly, current formulations of 'absorptive’ com-
plex poles will not reproduce backward photoproduction data.

The second version seems more promising. In subsect, 3.3, we showed
that HIPPIE model can fit current yp data. Therefore, complex pole anal-
ogues of HIPPIE models should also be able to reproduce yp data. Unfortu-
nately, the theoretical status of this complex-pole model is unclear; the
HIPPIE cut can be calculated explicitly, and it is not well approximated by
a pair of complex poles.

In view of theoretical uncertainty in its formulation and the large num-
ber of parameters involved, we do not present fits with any version of the
complex-pole model in this paper.

*a
* Consult ref. [48] for application of complex pole models to forward 77p— 7%n.
Further references are cited in that paper. GCF 1s grateful to S. Ellis, R, L. He1~
mann and P, E. Kaus for helpful discussions of the complex-pole model,
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4. COMPARISON OF MODELS AND SUGGESTIONS
FOR NEW EXPERIMENTS

In sect. 3, we discussed phenomenological models and presented fits to
vp data. Each model was described separately, and adequate fits to the da-
ta were obtained in terms of fixed-pole, fixed-cut, and strong-Regge-
(moving) cut models. We now turn to a comparative evaluation of features
of these models. We contrast the remarkably different ways in which vari-
ous models reproduce the same data. This confrontation of models with da-
ta, and models with each other, demonstrates the clear need for a set of
new experiments. The experiments we suggest here are in addition to those
we proposed earlier, in subsect. 2.4.

Theoretically, the various models are distinguished on the basis of the
dominant j-plane singularities present in each case. 'Exchange’ of these
singularities (whether poles or cuts, fixed or moving) in each case pro-
vides scattering amplitudes with characteristic dependence on s and .
Therefore, in an effort to select a preferred model, we will discuss experi-
ments which would determine more precisely the s- and #-behavior of
do/du. Other experiments suggested here are directed to a determination
of the s- and u-dependences of amplitudes associated with specific values
of exchanged isospin I,. Finally, we also discuss what may be learned
from polarization studies.

4.1. Energy dependence of yN — Nn

Of the four models, only the fixed-pole model gives a natural explana-
tion of the observed energy behavior do/du o E73 . Tobe sure, good or
even better fits to data are possible with other models; however, in these
models, agreement requires special and, at present, unmotivated values of
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Fig. 18. Fits and predictions of our models are contrasted with data for yp— nrt.
These curves indicate energy dependence at various fixed values of ., Where neces-
gary, we lnterpolate available data from neighboring values of # 1n order to present
results at the chosen fixed values of u. Pownts marked with an X are from refs. [8]
and [9]; those marked with a large dot are from ref. [49], For each value of u, we
give the experimental value of Aag¢f, defined in eq. (3) of the text and determined
from plotted data above Ej4p = 4 GeV. Fixed-cut model results shown here are
those for our NAIVE HIPPIE fit B, parameters are given in table 1b, Moving-cut and
fixed-pole model parameters are found in tables 3 and 2, respectively. In part (a),
we mark values of Ej,} at which prominent resonances occur, also shown 1s the value
of Ejgp at which lt. = 3(GeV/c)2 cowncides with « = 0,

parameters. Results are contrasted in figs. 18 and 19. For yp — pn© and
vp — n7t, we plot 494 (%Elab)3 do/du at selected fixed values of u. We call
attention to the fact that all theories, except the fixed-pole model, suggest
that the observed constancy of Eiy, do/du is but a local phenomenon, con-
fined to the limited energy range 5 < Ejy), S 20 GeV. At u = 0, even in the
fixed-pole case, E‘l?ab do/du grows with increasing Ey,;,, owing to growing
importance of Ag Regge-pole exchange at higher energies. Dominance of
A exchange at « = 0 would give do/du a natural E{;3, behavior near « = 0.
The conflict between theories and data is illustrated particularly dra-

matically in fig. 18a. Scanning from 1.5 GeV to 10 GeV, we observe the da-
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Fig. 19. Fits and predictions of our models are contrasted with data for yp —p7° at
s1x fixed values of u. Further details are common to fig. 18 and are described in the
caption for that figure.

ta falling from the top left to the bottom right of the graph; theoretical
curves travel perversely from bottom left to top right. Surely, Nature 1s
not so cruel that the observed constancy of E3ab do/du, above 5 GeV, rep-
resents just the irrelevant broad bottom of a%owl, which is bounded by
resonance data at low energy, and (for example) by the SCRAM curve at
high energy (Eq5p R 20 GeV).

In examining energy dependence, we find it also instructive to compare
vp — nrt (fig. 18a) with #tp — pr+ at u = 0 (fig. 20). At low energies, these
plots of E3 . do/du show similar structure for the two reactions *; at high
energy, however, data and theories [17] for 7tp — pr* increase in a cone-
shaped fashion, whereas data for yp — nr* level off.

* For m*p— pr", note that the quantity dU/du|u=0 when plotted as a function of pjah
shows a pronounced dip near piap = 2 GeV/c. Recall also that at pya} = 2 GeV /c,
u = 0 corresponds to £ & -3 (GeV /c)2, For mip elastic scattering, a pronounced
dip 1n the differential cross section near the fixed value ¢ =~ -3 (GeV/c)2 18 ob-
served up to p)ap = 10 GeV/c. We remark that at # = 0, do/du for ¥ p — N7 also
shows a dip near Ejg, = 2 GeV. Is there also a fixed - dip 1n do/dt for yp— 7N
at higher energies”® Present data are silent on this subject. It 1s 1mportant to
verify or refute this conjecture.
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Fig. 20, Data for 7'p elastic scattering at « = 0 are contrasted with fits and predic-
tions of two models. Sources of data are legion (cf. the compilation of ref [50]); the-
oretical curves are obtained from parameters given in ref. {17].

4.1.1. Experiments: verification of Eiasb behavior

The above discussion indicates that the next set of important experi-
ments should be directed to verifying Eigb behavior of yp — N7 for as wide
a range of s and » as possible. Our analysis indicates that Ef 3 behavior is
quite anomalous: we base this conclusion upon results from both a direct
empirical comparison of ¥p data with hadron data and our confrontation of
yp data with an essentially complete set of models.

Higher-energy accelerators are required in order to test decisively
those theories which predict that Efasb do/du is a bowl-shaped distribution
(as a function of Ej,}). However, useful clarification is possible also at
present energies; for example, extension of present yp — p#© and yp — nmt
measurements up to, say, || = 3 (GeV/c)2 would be useful *. Moreover,
* Recall that if exp (¥) behavior of do/du persists, cross sections will be relatively

large at large Iu I
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referring to fig. 1la, we note that yp — n7t data are sparse above 9.55 GeV;
we recommend measurement of do/du at 16 GeV over the range umin = u =
z =3 (GeV/c)2 *. At u =0, theories predict at least a 30% increase in

Ej,), do/du at 16 GeV over its value at 5 GeV (cf., fig. 18a).

In addition to more thorough study of yp — pr© and yp — n7t, measure-
ments of do/du for any other backward photoproduction reaction would
clarify the Eia3b scaling law. Studies of other charge states in yN— N7
would help a great deal 1n determining parameters of models. We treat this
latter issue in more detail in subsect. 4.2.1. We close our discussion of
energy dependence by presenting table 4, in which we give projected cross
sections for yp — nrt, yp — pn©, and yn — pr~ at Ej,y, = 20, 50 and 100 GeV.

4.2. Reactions yn —pn~, yp — AT*r"™ and yd — np

Important reactions are those for which #-channel isospin I, is unique.
For such processes (e.g., yd —pn and yp — A**7™), measurements of
do/du provide direct information on which type of 7-plane singularity is as-
sociated with a given I,,, We discuss our expectations for these decisive
processes below. However, first we consider briefly other charge states in
YN — N7.

4.2.1. Other charge states in yN — N7

It wall be recalled that, in sect. 3, 1n order to achieve Aagss ~ 0 for
vp — pr° and yp — nrt, at large #, we reached contrary conclusions about
the 1sospin of the dominant exchange in different models. For example, in
fixed-cut models, I, = § exchange is dominant at large u, whereas, 1n
SCRAM, I, =4 is dominant. Because isospin, s- and u-dependences are
correlated 1n this unusual fashion, 1t becomes especially valuable to meas-
ure do/du for other charge states of yN — Nz. Ideally, enough charge
states should be measured to separate out I, = § and I, = $ exchanges T, as
well as their interference effects. However, data on even one additional
reaction would be quite helpful. To indicate the wealth of possibilities al-
lowed by our good fits to present data, we give our predictions for yn — pr~
at Ejap = 10 GeV, 1n fig. 21. Even at 4 = 0, our five fits give cross sections
which differ by an order of magnitude. Measurements of do/du for yn — pr~
would provide a good constraint on parameters in all models and help pin
down which isospin exchange is dominant at large «.

4.2.2. yd — pn and yp — At*r~; decisive tests of models
Several times 1n the course of sect. 3 we commented upon the special
significance of the reactions yd — pn and yp — A+*r~, which have unique

* We note that the statistical accuracy of present data 1s excellent Further con-
straints on models will not come from data of increased precision. Rather, meas-
urements are required over a wider range of values of s and », with accuracy
comparable to present experiments.

T Recall, also, that the I, = 1 exchange amplitude has contributions from both 1so-
vector and 1soscalar photons. There are effectively three different values of iso-
spin In the exchange channel.
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Fig. 21. Predicted values of do/du are given for reaction yn— p7~ at 10 GeV. The
five models are discussed in the text; parameters are found in tables 1-3.

isospin I, = ¥ and §, respectively *. Determination of the s-and «-depend-
ences of do/du for each of these processes will distinguish which of the
four models T best applied to photoproduction. We recommend measure-
ments of do/du from Ej,p = 5 GeV to as high an energy as possible; the
range of values of # should also be as large as possible, certainly no
smaller than u,,;, = # = -1.5 (GeV/c)2.

4.2.2a, The u-dependence

In subsect. 2.4.3, we justified on purely empirical grounds the impor-
tance of finding the precise u-dependence of do/du for yp — A**7~ and
vd —pn. Theoretical reasons are more compelling. In fig, 22, data are
shown and possible #-dependence are sketched. Essentially two classes of
theories must be distinguished. In the first type (fixed-pole and fixed~-cut
models), observed s- and #-dependences of yp — N7 data are deemed to be
no accident but, rather, to reflect a new, universal feature of ¥N pro-
cesses which is not shared by purely hadronic reactions. Correspondingly,
do/du for yp — A*Tn~ is expected to have a characteristic smooth behavior
at all energies. Presumably, it should level off from its present tumultuous
exp (3u) dependence and, at large |u|, exhibit a staid exp () behavior sim-
ilar to yp —Nr data¥. In the second class of theories, we place the moving-
(Regge) pole and moving-cut models. These assert that there is nothing

* We are aware, of course, that studies of yp — A**7~ are beset with serious prob-
lems, owing to kinematical reflections from the backward scattering process
vp— POp or, more generally, yp— (T7")p [51, 52].

T Fixed cut, fixed pole, moving (Regge) pole, and moving (Regge) cut.

i Footnote see next page.
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Fig. 22. We present data for yp— A**r~ along with some curves showing typical u-
dependences of do/du. The solid curve 1s the differential cross sect1on for yp — n*
(cf. fig. 1a). The dashed curve, with a break near « = -0.3 (GeV/c)2 represents the
prediction of the fixed-pole and fixed-cut models. The behavior of the sol:d and
dashed curves 1s similar at large ‘u l, both fall approximately as exp (). The fixed-
pole and fixed-cut models are distinguished by s-dependence of dg/du at large Iu |;
thus, do/du < El_ai) in the fixed-pole model, but do/du OCE].-ﬁJ 1n the fixed-cut theory.
Finally, the dotted curve, falling as exp (3%), might be expected 1n models which
suggest exp (x) behavior of single pion photoproduction data 18 not universal.

unique about the j-plane for photoproduction. Therefore, any present regu-
larities in yp data have no fundamental significance. Continued exp (3%) de-
pendence of do/du would not be unexpected. Indeed, a distribution with any
other exponential dependence, or even one with dips or breaks, 1s quite
possible.

Similar remarks to those above hold also for yd — pn, for which no data
are available.

4.2.2.n. The s-dependence

For yp — A**7~ and yd — pn, the behavior of do/du as a function of en-
ergy 1s the most crucial means for distinguishing models. Predictions for
the energy dependence of E do/du are given in fig. 23: (a) and (b) refer
to yd — pn, whereas (c) and 7d) apply to yp— At*tr~, Most critical is the
behavior of do/du for values of # away from the backward peak. In the peak
region |u| < 0.5 (GeV/ c) ), both kinematic and Regge-pole effects tend to
be substantlal in all models. However, for « in the range 0.5 < |u| < 2.0
(GeV/ c)2 , the characteristic smgulamty in each model is dominant. For
these larger values of |«|, moreover, the differences 1n predicted energy

i Caveat We note that our fits determine only that the (1sovector) I, = 1 amplitude
should have an exp (#) dependence. Although not suggested by our present formu-
lation of either the fixed-cut or fixed-pole models, it 1s possible that amplitudes
with different 1sospin also have different u-dependence. Correspondingly, 1t 1s
possible that do/du for yp — A*+7~ behaves as exp (3u) at large |u l We must
await data. In any case, predictions for energy dependence discussed 1n subsect.
4.2.2b are an unambiguous signature of models,
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Fig. 23. We contrast predicted energy dependences of do/du for our four models.

Plotted 1s E13a.b do/du (arbitrary units) versus E,.1, from 2 to 100 GeV. The relative

normalization of the four models at a given energy 1s arbitrary; only the energy de-

pendence of a given curve 1s significant. In (a) and () I,, = §; physical example is
yd—pn. In (c) and (d) I,, = §, with example yp— At+q-,

dependence of various singularities are enhanced. A pure Regge-pole mod-
el predicts shrinkage, with*

3 do 2a45+1
1ab du < Flab

In the moving-cut model, there is less shrinkage *; roughly

E exp (2u logE, ,) . (23)

la

* Note: 0 is the u = 0 intercept of the exchange; 0 ~ 0 for I,, = § (Ag) and
0 ~ -0.4 for I, =% (Ny). See tables 1-3 for precise values.
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3 do_ _20p+1
Elabaw & Prap SR 108E ). (24)
In the fixed-pole model,
3 do
Elab Fi constant . (25)
Finally, in the HIPPIE (fixed cut) model *,
3 do 20p+1
Eab au ™ Frap (26)

These different predictions are compared quantitatively in fig. 23.

We emphasize that these predictions for energy dependence are based
directly on fundamental properties of the models; the predictions are inde-
pendent of specific values of parameters. Therefore, as shown in fig. 23,
measurements of energy dependence of do/du for ¥d —pn and yp— A*+r~
will determine unambiguously which one, if any, of our four models is cor-
rect.

4.2.2c. Isoscalar-isovector interference

Measurements of do/du for yd — pn provide an opportunity to identify in-
terference effects between the two I, = 3 amplitudes, formed from isovector
and 1soscalar components of the photon, respectively. We 1dentify two sep-
arate reactions 7; yd — pn, which has relatively small momentum transfer
up from photon to proton, and yd — np, which has small momentum transfer
u, from photon to neutron. The isovector amplitude contributes to both re-
actions with the same sign; however, the contribution of the isoscalar am-

plitude changes. Therefore, A(up) = alr=l +AI7’=0, but A () = alr1 -AIV:O.
Measurements of do/du, as a function of s and «, are obviously desirable,

for both reactions.

4.3. Polarization measuvements in YN — N7, YN — ZK and yN — AK
Four independent amplitudes are necessary for a complete description of
¥p — N7. Because each 1s complex, a total of eight functions of s and ¥ must
be determined. Measurement of do/du provides only one constraint. For
this reason, simple agreement with do/du is no assurance that any of our
models is a good representation of yp — Nn. Additional progress awaits
polarization measurements.
In f1g. 24, we give the predictions of our models for two of the polariza-
tion observables. Results are given for the three charge states yp — nr*,
vp — pr°, and yn — pr~. Quantity = refers to experiments done with linear-
ly polarized photons and an unpolarized target. If the photon polarization
makes an angle & with the production plane, then the observed cross section
is
* Note O 1s the u = 0 intercept of the exchange, @o = 0 for Iy, = % (Ap) and
Qay = -0.4 for I, = } (Ng). See tables 1-3 for precise values
§ Thus far, in this paper, we have not distinguished the two reactions. All previous
references to vd — np apply to both,
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linearly polarized photons; L is the left-right asymmetry for photoproduction from a
polarized nucleon target. Precise definitions are found in the text.
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do do

@) = du)unpol. (1- = cos2d) . ")
Quantity L 1s determined in experiments done with polarized proton targets
and unpolarized photons; it measures the left-right asymmetry. If ¢ is the
angle between the target polarization and the normal * to the scattering
plane, then

do do
au (9) = (@)unpol. @ +LPcos o) . (28)
Quantity P 1s the initial target polarization. Predictions shown in fig. 24
cannot be taken very seriously. In all models, flexibility is possible in
these distributions, without damage to our good fits to do/du. For example,
curves for the FULL HIPPIE and NAIVE HIPPIE A models (not shown) dif-
fer considerably from those for NAIVE HIPPIE B, shown in fig. 24. We
must also admit that measurements of do/du, Z and L will not necessarily
serve to reject any of the current models. To be sure, three quantities will
form a tighter noose than just one; however, only a complete set of observ-
ables will be conclusive. To establish a complete set, it is necessary to
determine final baryon polarization in experiments with polarized photons
and polarized proton targets. For yp — Nm, such an ambitious undertaking
1S probably not feasible technically at the present time. It certainly should
be feasible for the (forward) reactions yp — KZ and yp — KA. In these ex-
periments, weak decay of the = or A can be used to measure final baryon
polarization. As a result, all four amplitudes for yp — KX or yp — KA
would be determined, up to a common phase. As we have detailed else-
where [53], delightful tests of models are possible.

Our main interest in polarization is less prosaic than rejection of mod-
els. Rather, it seems to us that if the behavior E?ab do/du « exp (u) is
truly universal, then it presumably corresponds to some simple structure
of basic amplitudes. Polarization studies will hopefully lead to more pro-
found understanding of the unusual behavior seen thus far in yp experiments.
We urge that exploratory polarization studies be undertaken soon.

5. CONCLUSIONS

We have studied backward single-pion-photoproduction data from two
points of view. First, we made a purely empirical study of data, com-
paring features of yp and purely hadronic reactions. Second, we attempted
to fit yp data using amplitudes given by four different phenomenological
models. These two approaches, empirical and theoretical, are comple-
mentary and enrich each other. Our empirical investigation is summarized
in sect. 2; models and fits to data are described in sect. 3. The most im-
portant practical results of our study are given in sect. 4 and in subsect.
2.4; in those sections, we list valuable new experiments which would clarify
outstanding difficulties.

* Normal 15 1n the direction (P x7).
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5.1. Emprical results

In sect. 2, we discuss the universal scaling law, Eiiab do/du o g(u),
which describes yp — N7 data. This expression 1s remarkable for two
reasons. First, no shrinkage is observed in the data. Second, the funct1on
g(u) falls-off very slowly with increasing [ul for Iu[ 2 0.3 (GeV/ )2,

g(u) o« exp(u). As we demonstrate in sect. 2, this behavior of yp — N7 data
differs dramatically from that of purely hadronic data. Among other things,
these differences cast doubt on the usefulness of the vector-dominance
model.

Independently of any particular model, we note that discovery of univer-
sal behavior of do/du (or do/dt) for intermediate values of momentum
transfer (= 1 (GeV/c)2) would be of profound importance. It could be inter-
preted as a universal structure (core) for small impact parameters * [63].
This should be contrasted with high impact parameter behavior which, theo-
retically, is associated with Regge poles and, experimentally, leads to well-
established peripheral peaks at small momentum transfer (< 0.5 (GeV/c)4).
It is imperative to investigate several other photoproduction and hadronic
reactions. We list specific suggestions in subsect. 2.4. Experiments should
be directed towards better identification of precisely what quantum num-
bers, variables, and amplitudes are important at both small and interme-
diate values of momentum transfer.

5.2. Models

We have examined critically all available models for yp — N7. Two of
these, the fixed-pole model and the fixed-cut model, are developed here in
some detail. We show that these models are not applicable in purely-ha-
dronic processes and, if correct for yp, imply profound dynamical differ-
ences between yp and 7N reactions.

We confront predictions of each model with data. As we concluded also
in our study of 7N backward scattering [17], our simultaneous comparative
study of several models provides much more insight than can be obtained by
examining each model in isolation.

The pure-Regge-pole model is ruled out by present data; a model with
Regge poles and weak absorptive cuts is also not tenable. Both models can-
not accommodate the singular lack of shrinkage in yp data.

Our strong-absorption model, our fixed-pole model, and our fixed-cut
model reproduce yp — N7 data. None 1s decisively successful, however,
simply because there is so little experimental information. Nevertheless,
these three models are profoundly different; as we illustrate in fig. 23, en-
ergy dependence of do/du for yp — A**r™ and yd — pn will distinguish them
unambiguously. Measurements of do/du in the energy range 5 < Ej5;, < 15
GeV would be of immense value; the range of u should be at least 0 < |u| <
<1 (GeV/ c)2.

* Perhaps the difference between photoproduction and purely hadronic interactions
stems from greater 1mportance of the low impact parameter core in the former
case. It remains an experimental challenge to demonstrate this and for theorists
to explain 1t,
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Let us now consider the successful theories in more detail. Although we
are able to obtain a good fit with SCRAM, data in no way test the distinctive
predictions which this model makes for the u-position of zeroes in different
helicity amplitudes. To test these fundamental assumption in SCRAM,
measurements of spin-rotation parameters are essential [53]. We note
here that although SCRAM is successful in fitting a variety of forward and
backward yp processes, only do/df for forward yp — 7% shows evidence
for the distinctive /-dependent structure of amplitudes in the model [59]. It
is not correct prediction of the presence or absence of dips in data which is
the reason for the model's success in yp. Rather, it is ability to generate
rather flat energy dependence (with little shrinkage) which leads to good
fits. By contrast, this prediction of little shrinkage leads to poor fits to
much purely hadronic data - e.g., to 7°p — 7%n [60]. Present knowledge
suggests that SCRAM is correct only in its prediction for the maginary
part of strong interaction amplitudes [53,61]. Our discussion emphasizes
again the need for experiments which will determine #-dependent structure
of photoproduction amplitudes [53].

The most significant theoretical aspect of the fixed-cut model is the fact
that it predicts no parity doubling for fermions. However, high energy ¥p
and 7N scattering data cannot speak to this 1ssue. To test the fixed-cut
model, it is essential to extend detailed 7N phase-shift analyses up to, say,
mass (rtp) ~ 3 GeV. Although present phase-shift results indicate that par-
ity doubling does not occur in Nature for mass < 2 GeV, there are too few
resonant states below that value of mass to allow confident generalization

17].
[ ']I‘he fixed-pole and the fixed-cut models both offer an appealing phenom-
enological explanation for the absence of shrinkage in yp — N7 data. Unfor-
tunately, there is much freedom in both models; considerable theoretical
work is still necessary to eliminate these ambiguities. To motivate such
theoretical effort, it is necessary to develop unambiguous experimental
evidence for the relevance of models with fixed-singularities. Our specific
suggestions are given in sect. 4.

APPENDIX A

Photoproduction kinematics and Regge-pole formalism

(a) The u-channel helicity amplitudes. As is customary, we parametrize
reduced residue functions of #-channel helicity amplitudes. For the u-
channel process Nyy1 — Norg, with helicities (A4, X1 — A3, 0), we use sym-
bols Bz to denote these reduced residues. The association of subscript in-
dex 7 with helicities is specified in eq. (A.1)

B1=(E1-30), Bg=(F1--30),

By =(-31-%0), By=(-31--30). (A.1)
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Next we define functions ¥ and ¥ as follows:

‘)’3(‘[72) = :81+32 ’ 73(‘/‘_‘) = BZ-BI ’
')’2( ‘/—72) = B3+B4 s 72(‘/—72) = 34‘33 . (A.2)

These are functions of vz, which satisfy the MacDowell symmetry con-
straints:

Y3(Vu) = vg(- V) , Vo(Vu) = vo(-Vu) . (A.3)

As a result, we need consider only the functions y9(v«) and 'y3(~/'ﬁ). Each of
these creates states of TP = -1 for vu > 0, and creates states of 7P = +1
for vu <0 (P is parity, and 7T is signature).

(b) Regge-pole exchange amplitudes. For each Regge pole, with trajec-
tory a(u#) and signature 7, we define a function 7(s,u) as follows:

-7 a, a
_-m(l+7e ) (S\?
n(s, %) = 51T 5 ST So) . (A.42)
Here, as elsewhere in this paper, @ = a- 1. Furthermore, let
ng(s, vu) = vgn, no(s, Yu) = 72% . (A.4D)

We define 7, by the equation
ﬁi(s, ‘/—1;) = 77;'(3,’ ‘/&) .

(c) Standard wmvarviant amplitudes. Rather than make explicit the rela-
tionship of the functions y,( V) to the u-channel helicity amplitudes, we
choose instead to express the standard CGLN invariant amplitudes [54]* in
terms of the y,. We thus avoid a multitude of irrelevant kinematic factors
of uncertain and confusing sign.

Denote the nucleon mass by M and the pion mass by u; let w = Vu;
S+t+u = 2M2+2u2. We find

“N2+72 (w +M)ng +(w - M)7g
T A3(s,u) +A4(S:u) = 20 s

1 [(773 -7g)
2u-M2) L 2w

Ag(s,u) =

Ay(s,u)=

+ (- M2)(A3 +Ag) + M(¢- uz)Az] ,

(@ + Mg +(w- M)
z(u—le){ T'32:) n3 _ (u-Mz)tAZ" M(t- uz)(A3 +AQ} .

(A.5)

* We follow the modern convention and rename their A-, B-, C- and D-amplitudes
as Al’ Az, A3 andA4.

AI(S,u) =
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(d) Parametrization of v,(Vu). Upon defining

73 +Mvyg

—m ) (A.6)

Y1

we may see from eq. (A.5) that functions y; and yg are free from kinematic
singularities. Therefore, vy and vy are suitable for parametrization as
analytic functions of V. For example,

7’:'(‘/";) = (alz+a21\/;+. ..)exp(u,u) ,

where a;, and 1, are constants.

We note, furthermore, that y2 corresponds to helicity flip 3 in the z-
channel; yq 1s the helicity flip 3 amplitude. If a pole 'chooses sense' at
@ = 3, one would expect y9 to vanish, leaving only y; non-zero there. For
the N, trajectory, explicit calculation indicates this is not true at aN, = 3
(the nucleon-pole position). Both ¥ and y9 are non-zero at N, = 1: they
are related to the anomalous magnetic and electric born terms, respec-
tively *. From exchange degeneracy arguments, we expect a similar situa-
tion for N, ; we again allow vy and yg to be non-vanishing at N, = 3.

If a trajectory 'chooses nonsense' at a(x) = 3, then y1 and yg are zero at
that value of #. In dual versions of Regge theory T, this is true for Ag and
Di5 trajectories. Thus, y; o < @p; this constraint is imposed in our
HIPPIE and fixed-pole-mociel fits. In SCRAM, such nonsense zeroes are
always absent.

(e) Experimental observables. For completeness, we present formulas
for the usual experimental observables. We choose to do this in terms of
s-channel helicity amplitudes I. Denote the latter by HS()L),, )‘NZ’ AN 4),
where Ng is the initial and Ny the final nucleon. For brevity, we write

leHs(L%’%) s H2=Hs(1;%"%) s
Hg =H(1,-3,%) , Hy=H(1,-3,-3). (A.7)
The observables are then

do 0.3893 9 5 0 .
_=————‘(‘5 CS: H H + H + H . A.8
dat 1281rM2E%ab ’ [|H |4+ |Hg|%+ |Hg|%+|Hy ] (A.8)

Here, Ej,y, is the incident photon energy, given in terms of s by

* This 18 not surprising. In forward photoproduction, a similar situation 1s present
for the spin-zero pion pole, which occurs with a {-channel helicity-one 7y vertex.
In general, sense zeroes are absent from photoproduction amplitudes when a tra-
jectory creates an i1nternal particle pole having the same mass as one of the ex-
ternal particles.

T For discussion, see ref. [L7].

I In our actual fits, we use equivalent expressions in terms of #-channel ampli-
tudes. This saves computer time, but is perhaps more confusing.
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-2
Eigp = S50 (A.9)

The asymmetry X for photoproduction by polarized photons 1s
Z=2Re{HHy-HyHg}/S . (A.10)
The left-right asymmetry for scattering from a polarized target is
L=2Im{HgH]+H H3}/S . (A.11)
As mentioned in sect. 4, we have defined the normal to the production place
to be 5/ X 7, as is natural for the (usual) forward scattering measurements,
and not ¥ X Ny.

The relationship of our helicity amplitudes - for which we use the stand-
ard Jacob-Wick convention - to the invariant amplitudes is given by

Hy= -8V2n Vs sin%@{Fl+F2+cos2%9(F3+F4)},

Hy = 8v21vs cos36{F - Fo+sin2}0(Fs- F3)},

Hy = 8v2rys smn2ie cos%G{F‘l—Fs},

Hy = 8V2mvs sin3 6 0032%0{F3 +Fyt. (A.12)

Here 6 1s the s-channel c.m. scattering angle, and the Fj of CGLN are
given by

Fq=K{A1(s- M%) +(s - MB)(Vs - M)Ag-3(t- u2)(Vs + M)(A3- Ay},

Fy = giarKFAYls~ MY+ (s- MA(Vs + M)Ay - §(t- pB)(/s- M)Az~ A},

Fg = qK(s = M2){(Vs - M)Ay +(Ag- Ay},

2
Fy = % (s-MZ){-(‘/_S—+M)A2+(A3'A4)} , (A.13)

with K = (1/87Vs) V(E +M)/2Vs, and E = (s + M2 - u2)/2Vs, the final nucleon
c.m. energy.

(f) Isospin conventions. Amplitudes for scattering in definite charge
states are given by

Alyp —nrt) = VE(V+V3S-4), Ay —pr°) = H(V-V3S5+24),
A(yn—pr™) =V ¥V- V3s-4), A(yn—n79) = }(V+V35+24), (A.14)

Here, Sand V denote isoscalar photon and isovector photon I, = + couplings,
and A is the I, = § coupling.
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APPENDIX B

HIPPIE model

In our paper on 7N backward scattering [17], we defined three versions
of fixed-cut models. We refer readers to that paper and to subsect. 3.3 of
this text for elaboration of results. Here, we collect formulas specifically
relevant to the present paper.

We begin by defining, for each Regge pole, the function Né(u, s):

a, [-%0, bu log (%)]

r'(-10) (B.1)

1
No(w,) = T 008,00 ()
Here, index z = 1,2 lables the two-pole couplings. Function y[-}o0, .. J1s
the incomplete Gamma function (cf. eq. (26) of ref. [17]); g,(#) 1s a regular
function of # (e.g., eq. (7) of this paper). As table 1 indicates, in our fits
we set g(u) = (ag+aqu) exp (uu); ag, ay and y are variable parameters. In
some cases, we set ay =0.
Amplitudes with signature may be constructed in different ways. To de-
fine NAIVE HIPPIE, we set

1 1 1 -7
Jc(u,s) =No(u,s)+'rNG(u,s e ). (B.2)
For SUPER HIPPIE, we set

_1
J;(u,s) = nT(u)NZ u,s e 2m) , (B.3)

of
where

2coszma if T=+1,
771'(“) =
2esmirad if T=-1. (B.4)

Both eqgs. (B.2) and (B.3) have the same Regge-pole component, given by
eq. (6) of this paper.

We use acronym FULL HIPPIE to denote the original amplitude sug-
gested by Bardakci and Halpern. It differs from egs. (B.2) and (B.3) by a
term which has only a cut singularity at 7 = a,. In terms of eq. (B.3), we
define FULL HIPPIE by

I u,s) = 0 (@NYu,s exp(-5im))

I

> o]

Lsidno 70 7 a6 01 g, @)
m o p+bu t\b/ ¢ ’ '

N

where

§-= (:_0> exp (~Lin) (B.6)
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and
G,(W) = 1,(u) g(WzT(-2) . (B.7)

In practice, we set s_ = 1/b wherever 1t appears; b 1s the slope of the Reg-
ge trajectory @ = a-3 = qg -3 +bu.

In HIPPIE models, the functions 7,(s, vu), discussed in appendix A, are
given by:

n,(s, Va) = (-7 P(b)~ 2 1(u s)+ Vud® o s))/st (B.8)
for 2 = 1 and 2. In analogy to eq. (A.6), ng 1s found from
Ng = 2(u-M2)n1-Mn2s. (B.9)

As a result, Regge trajectories create only states for which the product
(signature X parity) = 7 P; as observed in Nature, each Regge recurrence
has a definite parity.

APPENDIX C

Fixed-pole model

Formalism for the fixed-pole model 1s essentially i1dentical to that pre-
sented 1n appendix A. We need only specify how we write the fixed-pole
contribution to (s, ).

Much arbitrariness is present in the exact choice of fixed-pole formulas.
We may define a fixed-pole amplitude to be the function obtained from a
Regge-pole amplitude in the limit @, — -1 and o' — 0. (Regge-pole ampli-
tudes are functions of @ = @, +a'u = a5~ 3 +a'u.) Correspondingly, different
expressions for fixed-pole amplitudes are obtained for different sets of
quantum numbers of the original Regge pole. Because it 1s adequate here,
we adopt only an 'N, fixed pole'. We calculate its contribution numerically
by setting @ = -1.01+0.01x in the formula

-ma, _
)

(1+e @s)? . CRY

1
s,uy = -~
n(s,¥) = =2 T'(1+3a) sin7a

Our eq. (C.1) is a modification of eq. (A.4); we replace I'(1+a) by I'(1+3a)
1n order to remove the (WSNZ) zero present in N, Regge-pole amplitudes
at e = -3. Without this modification, eq. (C.1) would vanish at @ = -1. We
will encounter eq. (C.1) again in appendix D; it 1s the form for an N, Regge-
pole amplitude used in the SCRAM model.

Actually, in our fixed-pole model fit, we use these 'SCRAM amplitudes'
also for Regge-pole expressions (w1thout the Iimiting procedure apphed of
course). We do so in order to avoid a dip near # = -0.15 (GeV/c) n the N
Regge-pole contribution to do/du. See eq. (D.1) for more details. Both for
the A5 and N, Regge-pole amplitudes and for the fixed-pole amplitudes, we
parametrize the reduced residues (defined in appendix A) as
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v, (V) = (a, +b,Vu) exp (uu) .

The ratio (a, /b;) 1s then fixed 1n order to eliminate the wrong parity state
at the N,(936) and A5(1236) resonance-pole positions; 1.e. for Ny,

v, (Vi) = d,(M =~ Vu) exp ()
and for A,
v, (Vu) = d,(My + Vu) exp (uu) .

These choices are made primarily to reduce the number of free parame-
ters Variable parameters are then d and u for each exchange. Scale con-
straint s, 1n Regge-pole expressions, 1s also fixed; S5 = 1/o'. For rea-
sons now lost 1n the murky past, we replace s by v = '2‘(8 ) everywhere 1t
appears; this substitution is inconsequential.

APPENDIX D

Strong-absorption model

Our absorption prescription is similar to that described for backward
7N scattering in ref. [17]; we do not repeat details here. In our version of
SCRAM, input Regge-poite amplitudes have the form

-7(1 Te )
n(s,u) = ZG(; ) sinn@ ( ) (D.1)

with

rE(1+a) if 7= -1(N,, Ag) ,
G(a) =
TR2+a) if 7= +1(N,) . (D.2)

This expression replaces eq. (A.4) of appendix A. The effect of substituting
G(@) for T'(1+3d) is to remove explicitly all WSNZs from the usual simple
Regge-pole formula. However, the same phase 1s retained, as is the pres-
ence of recurrence poles at right-signature-sense positions.

Scale constant sg is fixed again: sy = 1/b, where b 1s the trajectory
slope. As 1n the fixed-pole model, we make the unimportant replacement
of sby v = 3(s- #). Parametrization of functions y;( V) is given mn eq. (22)
of the text. Absorption is characterized by the s-wave absorption constant
¢ (cf. egs. (11)-(13) of ref. [17]); we fix ¢ to be purely real and equal to
1.25. This value is close to that determined in our best SCRAM fits to 7N
backward scattering data [17].
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