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tons detected, after pion and target-out subtrac-
tion, but without corrections for counter effi-
ciencies, dead-time effects, and absorption
in the spectrometer. These corrections have
been made for the fourth and fifth columns of
Table I, however. The fifth column shows the
measured cross sections averaged over photon
energies between 4.0 and 5.7 BeV. While 4.0
BeV is the threshold photon energy in the case
of a hydrogen target, it is much lower for heav-
ier target nuclei. However, an excitation curve
obtained by Bertram et al.! on nitrogen suggests
that there is little coherent antiproton produc-
tion. For the purpose of comparison Table I
also contains some of the results of Ref. 1.
The cross sections of the present experiments
are somewhat larger but a direct comparison
cannot be made because the data were taken
at different momenta. A comparison of the ex-
periments with a peripheral-model calculation®
indicates that not only the magnitude of the cross
section but also the momentum dependence is
described inadequately by the model. The cal-
culated cross section is two orders of magni-
tude larger than the experimental one. The
predicted momentum dependence gives an in-
crease of the cross section by a factor ~2 when
changing the antiproton momentum from 1 to
2 BeV/c, while a decrease by a factor ~2 is
observed. The data indicate an approximate
A?”® dependence of the cross section.
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SHRINKAGE EFFECTS AND ONE-PION EXCHANGE*

G. Wolf
Stanford Linear Accelerator Center, Stanford, Californiaf -
(Received 28 August 1967)

The experimental data on quasi-two-body
final states in 7%p interactions have recently
been studied over a fairly large 77 momentum
range.! In particular the energy behavior of
the cross sections and of the four-momentum-
transfer distribution have been investigated.

For the process

7tp _,N*++po (1)
it was found that (a) the width of the forward

peak in the differential cross section do/d¢
(where ¢ is the square of the four-momentum
transfer between the incoming 7+ and the out-
going p°) shrinks with increasing momentum
p of the incident 7*; (b) the cross section for
the process (1), opx++y0, Seems to behave like
~p=05. According to the authors, their results
disagree with the assumption that the process
(1) proceeds via a one-meson exchange.

It is the purpose of this note to show that the
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experimental data on ch*++po/dt and on the +

energy behavior of oy *++,0 are well described -

by a one-pion-exchange (OPE) model if one . -
mT———————— m

takes the finite widths of N*** and p° into ac- -*\\\

count. The study is part of a rather general

investigation of OPE contributions to three-

and four-body final states.?

The OPE model.—Figure 1 shows the OPE
diagram which is supposed to dominate the pro- b -
cess (1). The contribution of this diagram will
be calculated in a form-factor approach, which
is equivalent to a calculation based on the ab- -
sorption model as long as one integrates over FIG. 1. OPE diagram for reaction np—prtntn—.
the N**+ and p° decay angles. The differential
cross section for the diagram in Fig. 1 is giv-

- M

experiment.’® Figure 2 shows o;+;—(m) and

3
en by op+p(M) for the p° and N* region, respective-
do 1 G3(¢) ly, as used in the calculation. R, and Ry
dlitldmdM 4n’p*2s (u2-t)? are parameters which in nonrelativistic scat-

tering are defined as the radii of interaction.

It is obvious from the formulas (2)-(4) that
the off-shell corrections for given values of
m, M depend only on ¢, and not on the incom-
ing momentum.

From a fit of the OPE model to experimen-
tal data on the processes pp — Ny * TN *tH,
pp ~Ng*ttn, 17p -np° and 7p ~N*t1p° the

szqt0ﬂ+ﬂ_(m, t)WQt077+p(M’ t)) (2)

where s =square of the c.m. rest energy; p*
=c.m. momentum in the initial state; ¢=square
of the momentum transfer between incoming

7" and outgoing 77~ system (see Fig. 1); m
=1, 1~ effective mass; M=pm,* effective mass;
44, Q¢ = momentum of the exchanged pion in the

na"'n_ and pnb+ rest frame, respectively,

On+p=(m, £), 07+5(M, £) = cross sections for the

reactions 7tr~ - 7tr~ and 7tp - 7¥p, respective- 150
ly, where one of the pions has a mass squared (@)
of #; and G(t) is a so-called form factor. Diirr
and Pilkuhn? have suggested relating the off-
shell cross sections, o(m,?), to the correspond-
ing on-shell cross sections, o(m), in the fol-
lowing way: Consider the case where the ”a+”_
and pvrb+ systems come from pure p° and Ny *++

decay, respectively. Then o ) . l . .
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with ¢ and @ being the momentum of ”a+ and ‘o 120 T30 140

the proton in the na+n" and the pnb+ rest frame, M (Gew)

respectively. mp is the proton mass. FIG. 2. (a) m"n~ elastic scattering cross section in
The values of the elastic scattering cross the p region. (b) m*p elastic scattering cross section
sections og+;—(m) and o7+,(M) are taken from in the Ngg* region.
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following results on G(¢), R, and Ry x have
been obtained?:

With the parametrization G(t) = (c-u?)/(c +1),
c=(2.29£0.27) GeV?, R,=(8.28+2.0) GeV~!
=(1.64+0.40) F, Ryx=(3.97£0.11) GeV~*=(0.79
£0.02) F.

A detailed description of the procedure adopt-
ed will follow.?

Comparison with experiment.—The experi-
ment was done for the differential cross sec-
tion for all events in the experimentally cho-
sen N*, p° mass region.” The OPE cross sec-
tion has been integrated over exactly the same
N*, p° mass region. In Figs. 3(a)-3(d), the ex-
perimental data for the process® are given for
incoming 7+ momenta of 2.35, 3.5, 4, and 6.95
GeV/c.? The result of the OPE calculation is
shown by the curves in Fig. 3. The curves
are in close agreement with the experimental
points. Both the ¢ and the energy dependence
of the experimental data are reproduced by
the OPE model. No shrinkage effects other
than what are predicted by the OPE model are
observed. Hence, we conclude that the exper-
imental data on the process (1) are in agree-
ment with the assumption that one-pion exchange
is the dominant production mechanism.

The apparent shrinkage in the OPE model
comes about by the following:

(1) The large N* and p° mass intervals over
which the data have been taken: The minimum
value of |¢| changes considerably over the N*,
p° mass region and with incoming energy (see
Table I).

(2) The differential cross section do/d |t|
does not follow an exponential law ~eBt; the
slope is steeper at small values of |Z| and less
steep at larger |Z| values. With increasing
energy, the maximum of do/d|t| moves towards

Table I. Minimum four-momentum-transfer squared,
1] pins for n*p—=N*++p0 for different p and N* mass
values.

Lab. momentum

of incoming 7 mp° M ppset+ 1t min
(GeV/c) (GeV) (GeV) (Gev?)
2.35 0.675 1.185 0.079
0.825 1.285 0.225
4.0 0.66 1.12 0.027
0.86 1.32 0.122
6.95 0.64 1.12 0.013
0.88 1.42 0.081

B PN N

J} VRS S,
[t] tcev2)

FIG. 3. Differential cross sections do/dl¢| for events
in the Ngg*++, p’ mass region. (a) At 2.35 GeV/c
(0.675 GeV<m <0.825 GeV, 1.185 GeV<M <1.285 GeV).
(b) At 3-4 GeV/c (0.68 GeV<m <0.86 GeV, 1.12 GeV
<M <1.32 GeV). (c) At 4 GeV/c (0.66 GeV<m <0.86
GeV, 1.12 GeV<M <1.32 GeV). (d) At 6.95 GeV/c (0.64
GeV<m<0.88 GeV, 1.12 GeV<M <1.42 GeV). Differen-
tial cross section do/dlt!| for events in the N*++, N*++
mass region. (e) At 3.6 GeV/c (1.13 GeV <My« nx
<1.33 GeV). (f) At 5.7 GeV/c (1.15 GeV<Mpx N
<1.35 GeV).

smaller values of [#[; hence the fall of do/d |¢|
becomes steeper.
We have compared the OPE model also with
the process
‘51, - N ¥+ R+ (5)

which is similar to N***p° production in that
it is likely to be dominated by OPE and it in-
volves the production of broad resonances.
The differential cross sections do/d |t| (where
t is now the square of the four-momentum trans-
fer between incoming proton and outgoing iso-
bar) measured at 3.6 and 5.7 GeV/c are shown
in Figs. 3(e) and 3(f).° The width of the forward
peak shrinks on going from 3.6 to 5.7 GeV/c.
The OPE calculation as shown by the curves
in Fig. 3(e) and 3(f) are in remarkable agree-
ment with the data. Therefore, the observed
shrinkage for N*ttN*++ production can be un-
derstood in the same way as outlined above
for the process (1).

I am very grateful to Dr. G. B. Chadwick and
Professor D. W. G. S. Leith for their encour-
agement and for reading the manuscript.

*Work supported by the U. S. Atomic Energy Commis-
sion.

927



VoLUME 19, NUMBER 16

PHYSICAL REVIEW LETTERS

16 OcTOBER 1967

On leave of absence from the Deutches Elektronen
Synchrotron.

ID, Brown, G. Gidal, R. W. Birge, R. Bacastow,

S. Yiu Fung, W. Jackson, and R. Pu, Phys. Rev. Let-
ters 19, 664 (1967).

2G. Wolf, a detailed report on this analysis is in prep-
aration.

3See, for example, E. Ferrari and F. Selleri, Nuovo
Cimento 27, 1450 (1963).

“H. P. Diirr and H. Pilkuhn, Nuovo Cimento 404,

899 (1965).

5G. Wolf, Phys. Letters 19, 328 (1965).

6A compilation of ntp cross sections was made by
M. N. Focacci and G. Giacomelli, CERN Report No. 66-
18, 1966 (unpublished).

"By integrating the theoretical cross section over the
N*, p¥ mass region, partial waves other than the p
waves from N* and p°, respectively, are contributing,
too. In the case of the N* region their effect on the off-
shell corrections is supposed to be negligible. In the
case of the p” meson, the T =0,2 S-wave contributions
to o+ — (m) have been estimated from a wm phase-shift
analysis (Ref. 5). Instead of (3), the following correc-

tion formula was used:
g,\*1+ qZRPZJ
90+ —m 1) = [co +c1<;> —————1+qt2Rp2 qoﬂ+7r__(m) (3a)

with ¢;=0.8+%(n—0.6), m in units of GeV, and co=1
—Clc

8N. Gelfand, Columbia University Report No. NEVIS-
137, 1965 (unpublished) (2.35 GeV/c). The data at 3-4
and 6.95 GeV/c have been taken from Ref. 1, and from
P. Slatterly, H. Kraybill, B. Forman, and T. Ferbel,
University of Rochester Report No. UR-875-153, 1966
(unpublished) (6.95 GeV/c); Aachen-Berlin-Birming-
ham-Bonn-Hamburg-London (I.C.)-Miinchen Collabora-
tion, Nuovo Cimento 35, 659 (1965); Phys. Rev. 138,
B897 (1965) (4.0 GeV/c).

°H. C. Dehne, E. Raubold, P. Soding, M. W. Teucher,
G. Wolf, and E. Lohrmann, Phys. Letters 9, 185 (1964);
H. C. Dehne, thesis, University of Hamburg, 1964 (un-
published) (3.6 GeV/c); V. Alles-Borelli, B. French,
A. Frisk, and L. Michejda, Nuovo Cimento 48A, 360
(1967) (5.7 GeV/c).

GHOST-ELIMINATING ZEROS IN THE REGGE-POLE MODEL
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The superconvergent sum rules for helicity-flip and -nonflip amplitudes controlled by
only the R trajectory are used to clarify the ghost-eliminating mechanisms.

The diffraction shrinkage at high energy for
the reaction 7~ +p = 7°+» has been successful-
ly explained by the Regge-pole model based
on a single p-meson exchange.! In addition,
the dip phenomenon observed in the above re-
action around 7= -0.6 GeV? has also been clear-
ly explained in the Regge-pole model with a
vanishing helicity -flip amplitude at o =0.23
Shrinkage is also seen in another reaction 7~
+p —~n+n which is supposed to be controlled
by the R (or A,) trajectory with even signature.*
In this case, however, there remain the follow-
ing unsettled questions®:;

(i) Experimentally, it is not yet known wheth-
er the R trajectory passes through spin zero.*
If it does, we have a ghost problem. Then to
eliminate this ghost® the residue function of
the helicity -nonflip amplitude will have to van-
ish.

(ii) It is an open question whether the exchange
of the R trajectory can produce helicity flip
at «=0.3 If the trajectory simply “chooses
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nonsense” as suggested by Gell-Mann,® the he-
licity -flip amplitude comes out finite but non-
vanishing at @ =0. On the other hand, if the
trajectory “chooses sense,” an additional ze-
ro occurs at @ =0 in the residue of the helic-
ity ~flip amplitude as implied by the ghost-elim-
inating mechanism of Chew.” Then the helic-
ity -flip term will actually vanish at =0. There-
fore, it will be of great interest for the mod-
els of ghost elimination whether the helicity-
flip amplitude due to the R exchange indeed
vanishes at «=0. Phenomenologically, the
discrimination between these models by Arbab,
Bali, and Dash® has not yet been convincing
since two trajectories contribute, and the the-
ory involves a number of parameters.

The purpose of this Letter is an attempt to
answer the above questions (i) and (ii) in con-
nection with the ghost-eliminating mechanisms,
applying the previous techniques®>!° of super-
convergence sum rules to the helicity-nonflip
and -flip amplitudes controlled by only the R



