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for the existence of the two-phonon octupole vi-
bration. The population of the two-phonon octu-
pole band should also be possible in radioactive
decay for other nuclei in the heavy-mass de-
formed region.

We are indebted to Dr. T. Thorsteinsen and
Dr. F. K. McGowan for informing us of their re-
sults prior to publication.
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STRONG-CUT REGGEIZED ABSORPTION MODEL FOR BACKWARD SCATTERING*
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The combined data for the high-energy backward reactions tN—~Nw, tN—Np, and
yN— N7 are analyzed in terms of the strong-cut Reggeized absorption model proposed

by Henyey, Kane, Pumplin, and Ross,

Only the N and A trajectories and the associated

Regge cuts are necessary to describe the data, including the dip structure. The analy-
sis lends strong support to the model, in particular to the feature that the Regge pole
amplitudes do not have zeros at nonsense wrong-signature points,

In the past few years there have been proposed
several models of high-energy two-body scatter-
ing processes which combine the physics of
Regge-pole exchange and the absorptive proper-
ties of hadrons.'™ All of these models are es-
sentially in agreement on the nature of the rela-
tion between absorption and Regge cuts and on
the form of the leading Regge cut to be associated
with each Regge pole. There are, however, sig-
aificant differences in the form of the Regge-pole
amplitude and in the expected size of the Regge
cuts associated with inelastic intermediate
states. In the strong-cut Reggeized absorption
model (SCRAM) of Henyey, Kane, Pumplin, and
Ross (HKPR) there are no nonsense wrong-signa-
ture zeros (NWSZ) in the Regge-pole amplitudes
(it has been shown by several authors that there
is no theoretical necessity for NWSZ; HKPR ref-

erence these arguments and discuss in detail the
physical motivation for the omission of NWSZ in
SCRAM), and there are significant contributions
from Regge cuts associated with diffractively
produced inelastic intermediate states. Both of
these features enhance the strength of the net cut
contribution and lead to dips in s-channel helicity
amplitudes arising from pole-cut interference.
We use the words “strong-cut” in reference to
this model in order to emphasize these features.
Data.—We list here with references the back-
ward reactions that will be discussed in this
Letter.® We have limited our attention to reac-
tions involving nonstrange baryon exchange at lab
momenta »5 BeV/c. Only cross-section data are
discussed; unfortunately there exist no measure-
ments of polarizations or density matrices at
these energies.® The reactions are as follows:
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TTp—pm —,7-9 7T+p —~pm +’8,9 TP _,nno’lo,u TP
~np®, 2 T Tp=pp T, yp ~nu T yp ~pu°,® pp
_.d,n,+’16 pp _>dp+.16

Regge-pole models.—An examination of the
data on the above reactions indicates that no
simple model having Regge-pole amplitudes with
NWSZ at @y = -3 can describe all of these data
simultaneously. There are several aspects to
this argument:

(A) The only trajectories that can reasonably
be considered sufficiently high lying to describe
high-energy data are N, A, and N,.

(B) In a NWSZ model any reaction in which
nucleon exchange is allowed will exhibit a deep
cross-section dip around % =-0.15 if nucleon ex-
change dominates.’ Such a dip is seen only in
7*p —pn*. Therefore NWSZ models must have
important A and/or N y exchange contributions.

(C) The size of the A contribution in photopro-
duction can be inferred from p~ production using
vector dominance. The cross section for 77p
~pp~ at 8 BeV/c and u=-0.15 is about 3.5 ub.
Using vector dominance (with y,?/4m=0.5) this
gives an upper limit (corresponding to purely

transverse p~ production) of 1.4 nb (2.8 nb) for
the yp —=n7n* (p7°) cross section arising from A
exchange alone. The actual cross section is
about 6 nb (4.5 nb). Thus, at least in charged
photoproduction, A exchange cannot account for
a large percentage of the cross section at «
=-0.15 without grossly violating the hypothesis
of vector dominance. If this argument is applied
to the integrated backward cross sections it is
still stronger because the backward peak in p~
production is considerably steeper than in photo-
production.

(D) If the photoproduction cross sections are
primarily due to N, exchange at u= -0.15, as in
the models of Barger and Weiler'® and Beaupre
and Paschos,' then factorization requires the N y
also to fill in the dip in 7*p —~pn*. This is so be-
cause the pp —~dn™ and pp —dp* cross sections
are approximately equal, and therefore the 7NN,
and pNN, vertices must be approximately equal
at #=-0.15 (A exchange is forbidden in these re-
actions). A simple factorization and vector-dom-
inance argument which neglects spin, A exchange
in photoproduction, and the isoscalar component
of the photon leads to the following relations:

dy,® ovp =pm)o(pp ~dn*) 2y,* olyp~n*)o(pp ~dn’)
e o(pp —dp*) T o(pp—dp™) ’

where o denotes do/du at u =—0,15 and 0 ™Y denotes the cross section coming from N, exchange alone,
The observed value of o(pp —dn*)/c(pp —dp*) at 21 BeV/c is about 1. Using the same value at 10
BeV/c, the second and third members of Eq. (1) are 2.8 and 1.9 ub, respectively. The observed 7*p
—~pw* cross section at # =-0,15 and 10 BeV/c is 0.15 ub,

The approximations made in obtaining this estimate (except neglect of spin) are fairly well satisfied
in the Regge-pole models'® ! that have been used to describe the photoproduction data. We feel that
the above estimate exhibits a possible order of magnitude discrepancy in spite of the rather crude way
in which the numbers were obtained.

(E) A NWSZ model for nN- N7 which fits the 77p ~pn~ and 7*p —p7* data will have a deep dip in the
7”p —nm® cross section near the position of the 7*p —pn* dip. However, the data show a shallow dip or
break somewhat beyond # = -0.2 and it therefore appears likely that no NWSZ model can quantitatively
describe these processes. A fitto 77p—=p7~ and 7*p —pr* using SCRAM produces a 7~ p —nn° cross
section with a break or dip whose depth is quite parameter dependent, but whose position is rather in-
sensitive to the parameters and agrees with the existing data.'®?

(F) All of the above remarks apply with little change to “weak-cut” models in which the Regge pole
amplitudes have NWSZ and there are no cuts arising from inelastic intermediate states.?°

SCRAM.?! _We consider processes of the type a+b—c +d where a is a pion, b and ¢ are nucleons,
and d is a meson, isovector photon (y”), or isoscalar photon (y°). For convenience of presentation we
use TN — Ny amplitudes to calculate photoproduction cross sections; the full photoproduction amplitude
is the sum of the 7N — Ny? and the 7N — Ny*® amplitudes.

Let the particles have helicities A, =X, XA, =4, A, =A’, and A, ="', and define

M (n*p—pr*) = (1)

n=|=p)==p)l, 2= =p)+ A=p)l, x=[r"=A|+[p -p|-n-1. 2)
The Regge-pole s-channel helicity amplitudes for reaction R=a+b—~c +d are

P,R P,R,I
Myeprsapy = 2 M PUTENT )
I=N,A
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Table I. Vertex functions, isospin vector-dominance coefficients, and parameter values.

ISOSPIN - VECTOR DOMINANCE

DEFINITIONS OF VERTEX FUNCTIONS® COEFFICIENTS, c? NUMERICAL VALUES OF PARAMETERS®
N o _
yvN B 71r1¥ ~ 17FN1 ~ iy’ﬂ\f _ N Go = ,/va/',ve G, = /Wa/yw o = -.54+,01Ju+l.16u o = .14—.23‘/ﬁ+1(.308u
10 = L= o3 T -lo ~ N - 0 - A _
20 02 0-2 2 : o ] M) =172 sy = 51 af(y) =3/2 sy = 115
TA TA . TA L TA A
= - = -iys"1 = -iy 15 =B _ _ TN=NT = 7N=>Nw _ TN->N7T TN—=>NE _
710 701 0-1 -30 - o ] Ay Ay =1.96 N AL 1.77
an AN N TN->NE _ A
711 = -r1 =8 .- 2/3 1/3 Ay = 3.17 8% = 2.48+3.65/u
N A
72& _ 17‘3& B bg 4= oro o0 | V373 i3] B o= 13.1-4.57/u a® = -.416+4.29/0
c : B _ alf\f - -7.31-11.8/4 b2 = 4 67+k . Bo/T
dan _ —ide _ CN T p->pl 0] 1
70-3 0% d o by = 17.8-6.90/0 ¢® - _5.4hi5. 020G
ea . e A Tp>nf | /2/3 -/2/3
71% = 17,1_% = a N Y Clg = Meby/ﬁMN 7‘,2,/1“7' - .37
5 o A T n->py -J2Gp/3 |/2Ge/3 . 5 5
A . ea -
T P R a, = -3.73-17.9/u Yo =9
-3 2 p>0y" | ce/3 2Ge/3 ‘V: ® e
1
ea Lea A b = .655+.223/u
Y0-1 = ol =€ T n->py® | /26, /3 0 @
p>p7° | G,/3 0
26N g2, a,N, etc. are real analytic functions of Vu.
bidentity signs, =, denote “hard” constraints that were imposed on the parameters during data fitting.
y sign
where
—_— - 1= 1 P ’
Moy, 3y % = ()"0 (5)72 cos 36" (sinz6)"
al(fuYy o 4Ty e—iw/zs ar(Yu)
xXC RE ux/zy)\')\ ( )'Vuu ( ) +(\/'u_._‘/'u) . (3)
I 51 ul/z—M; PR
[¢]

The vertex functions y and the coefficients C,* are given in Table I; &;=exp(3i7S;), where S;=a (M)
is the spin of particle I. The photoproduction amplitudes are related to p- and w-production ampli-
tudes by vector dominance; thus the d’ occurring in the vertex function y,,,!" is p (w) if  is y* (°);
otherwise d’ =d.

This parametrization satisfies factorization, MacDowell symmetry, nonsense decoupling,?® absence
of parity doublets, and real analyticity conditions. Only the N and A particle poles are retained; Reg-
ge recurrences are neglected since they are far from the scattering region. We have assumed that the
N, trajectory is sufficiently low lying so that its contribution can be ignored.

The Regge-cut amplitudes for reaction R are (see HKPR appendix)

C,R _ C,R,I
My, g = 20 My, 2",
I=N,A
where

Mooy, S % = =@m) "\ Fop(1-ip)e™” [° dv e4* 2L (A @V ) AWM o PR @), (4)

[BEPNT!

_ —- ’ — gyt
and R’ =a+b—c+d', v=u—-t, 4, and v’/ =u'—u, ..

Here o0,, p, and A are, respectively, the total
cross section, real-to-imaginary ratio of the for-
ward amplitude, and slope of do/dt for mN elastic
scattering. Their values are taken from experi-
ment: 0,=27 mb, p=-0.15, A=7 BeV ™2 The
constant factor A,R' is meant to take approximate
account of cuts arising from inelastic intermedi-
ate states; it is treated as an adjustable parame-

[ ter but is expected to be in the range 1,551 52
(see HKPR).
The full amplitudes for reaction R are My, MR
=M yoprs i+ My, 2O and the cross section is
dog/du = (8416°8) T3 |M o, 5, "1, (5)

where ), means average over initial helicities
and sum over final helicities. For photoproduc-
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FIG. 1. All curves refer to 7~ p —p7~ amplitudes calculated with the parameters in Table I at 9.85 BeV/c.
(a) Magnitude of pole, cut, and full » =0 amplitudes. (b) Magnitude of pole, cut, and full »=1 amplitudes. (c) »=0,

n=1, and full cross section.

tion the amplitudes in Eq. (5) should be replaced
by the sum of the y* and y° parts.

The structure of some typical amplitudes is il-
lustrated in Fig. 1. In general, helicity ampli-
tudes must vanish at # =u,, as @, ,,~%)"?; so
only » =0 amplitudes can contribute in the back-
ward direction. The magnitude of the cut term is
usually less than that of the pole term near # =0,
but the cut term has a smaller slope and eventu-
ally crosses the pole term. The pole and cut
terms are about 180° out of phase [see Eq. 4)];
so there is a dip in the total amplitude near the
point where they cross. For an n=0 amplitude
[Fig. 1(a)] this dip is usually in the range 0.1
<-u50.25 and is rather deep. In an n=1 ampli-
tude [Fig. 1(b)] the size of the cut term relative
to the pole term is smaller than in an =0 ampli-
tude because the integrand in Eq. (4) vanishes at
u' =, if n>0. Thus the dip in an n=1 ampli-
tude is usually in the range 0.55 -u<0.7. This
dip is shallower than an =0 dip because the rela-
tive phase of the pole and cut moves away from
180° as —u increases.

Figure 1(c) shows the decomposition of the 77p
—~pm~ cross section into its #=0 and n=1 compo-
nents. This illustrates how the full cross section
can be smooth even though there are dips in the
individual helicity amplitudes. Because of this
“filling-in” effect we expect that there will hard-
ly ever be deep dips in cross sections for reac-
tions involving high-spin particles. The presence
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of dips in the helicity amplitudes can be tested by
measurements of spin density matrix elements.
In particular, Fig. 1(c) indicates that the 77p
—~pm~ polarization is very small at » = -0.15,
Measurement of this polarization would provide
an important test of SCRAM. The presence of
dips could also be tested by using finite-energy
sum rules (FESR) for helicity amplitudes. In
particular, we would predict a dip in the left-
hand side of an FESR for the n=0, 7"p—-pr~ am-
plitude at about # =-0.15, but no such dip in an
FESR for the n=1, n*p —pn* amplitude. NWSZ
models would predict exactly the opposite.

Fits to data. —Our current best fit to the data on
seven backward reactions is shown in Fig. 2 along
with predictions at 50 BeV/c.2 The x? for this
fit, including all data shown, is 1030 for 291
points. The worst part of the fit occurs in the 7N
—~ N7 reactions. This is partially accounted for
by apparent inconsistencies in the relative nor-
malization of data from different experimental
groups. For example, most of the 8-BeV/c n7p
—prn~ data lie slightly above the 6.9-BeV/c data
and this alone accounts for over 10% of ¥

One of the more interesting features of the fit
is the predicted structure of 77p —-pp~ near u
=-0.5. Although the precise shape of the theoret-
ical curves should not be taken too seriously, we
do believe that there will be a break in the slope
of the cross section around # = -0.5 due to the
secondary maxima in the n»=0 amplitudes.
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FIG. 2. Fits to data. The data shown were obtained from the following sources:
Ref. 9; 6.9, Ref.8; 8 and 16, Ref. 7. (b) 5.2 and 6.9, Ref. 8; 5.91, 9.85, and 13.73, Ref. 9.
(f) Ref. 14.

6(B), 8, and 11, Ref. 11. (d) Ref. 12. () Ref. 13.

The parameters used in the fit are shown in Ta-
ble I. There is a total of 28 independent partially
adjustable parameters for the seven reactions,
or four per reaction. There were 17 “soft” con-
straints imposed on these parameters. These
were that each trajectory should pass close to its
first recurrence (2 constraints), 1.55x52 (3 con-
straints), 0.55s,51.5 (2 constraints), yp2/41r
~0.5 (1 constraint), and that each vertex function

(a) 5.91, 9.85, 13.73, and 16.25,
(c) 6(4), Ref. 10;
(g) Ref. 15.

should extrapolate to the correct value at the N
or A pole (in terms of known coupling constants
for NN, mNA, pNN, pNA, and wNN) within about
a factor of 2 (9 constraints). All but one of these
constraints are satisfied by the parameters in
Table I; A"~ had to be taken anomalously
large. This may be due to a strong A +p exchange
cut in 7N - Np since this cut would have about the
same energy dependence as the N exchange am-

1515



VoLUME 24, NUMBER 26

PHYSICAL REVIEW LETTERS

29 JuNE 1970

plitudes. Some support for this argument comes
from a similar result for pion exchange in for-
ward charged photoproduction.®

The quality of the fit can be improved by either
relaxing some of the constraints or omitting
some of the data. However, we believe that a
good fit to all the data with physically meaningful
parameters is more useful than a perfect fit to
part of the data with unphysical parameters.

Concerning the pole extrapolations we mention
in particular that we have a A width of 90 MeV.
The A width has invariably come out too small in
Regge-pole fits to 7 p—pm~. We can get a large
value and still fit the data because the cancela-
tion between pole and cut allows the pole ampli-
tudes to be larger than in the absence of the cut.
Still larger values can be obtained if one fits the
7~ p—pm~ data alone.

A number of topics not discussed here will be
covered in a paper now in preparation. These in-
clude analysis of NN~77 and 7N- Nw, and more
detailed treatments of 7N—~ N7 polarization and
7N - Np.
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