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Data on quasi-two-body reactions initiated by high-energy meson-nucleon collisions are analyzed from
the viewpoint of the peripheral model. The basic interaction mechanism is assumed to be pseudoscalar
and/or vector exchange, and absorptive effects arising from coupling between different channels are taken
into account. Excellent agreement is found between the one-pion-exchange model and the production and
decay data for the processes s-+p -+ p+p for incident momenta from ~2 to 8 GeV/c. A united analysis of the
reactions I'C+p —&IV'+p at 3 GeV/c, and X+I —+If'p at 2.3 GeV/c, is presented; a single pair of vector
coupling constants is able to account for the various angular distributions of production. The theory predicts,
and preliminary data con6rm, appreciable momentum-transfer dependence of the E spin-density matrix.
Equally satisfactory its to the data are found for E+p ~X E"++ at 3 GeV/c, Z p ~ s- F~ (1385) at
2.24 GeV/c, and s+I -+ cop at 3.25 GeV/c. In the latter reaction the absorption model reproduces the large
departure of the co-decay correlations from those characteristic of p exchange in the absence of absorption.
The model cannot explain why the diBerential cross section for m.+p —+ 7I~E* is considerably narrower than
for E+p~X'E*. The theoretical momentum-transfer distributions and decay correlations for double
resonance production (s-p —+ pflT*, Ifp —+ E*N*) are in general agreement with the data, as are the results
on combined decay correlations of p and E* in vr+p ~ p E*.But the calculated absolute cross sections are
considerably larger than observed, probably because the model fails to include the requirements of unitarity,
important when the couplings are large. The determination of vector-meson coupling constants is discussed.
Because of fundamental diKculties associated with vector-meson exchange amplitudes at high energies, it is
concluded that important refinements of the model are necessary if such coupling constants are to be in-
ferred from the data.

I. INTRODUCTION

HE importance of absorptive effects due to compe-
tition from other inelastic channels in peripheral

production processes has recently received considerable
attention. '—~ In a previous paper, ' referred to hence-
forth as I, we presented a formulation which incor-
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porates these absorptive effects in a simple phenome-
nological fashion. This method was there applied to the
reaction s p —+ p p at 4 GeV/c; excellen. t agreement
with the experimental angular distribution of produc-
tion was achieved, and the theoretical decay correlation
of the p meson was found to be consistent with the
meager data then available.

In this paper we report the results of similar calcula-
tions for a number of different reactions over a rather
broad range of incident momenta. To be specific, we
shall quote results for the quasi-two-body final states
pX, AS*, pX*, and coS produced in mE collisions be-
tween 1.6 and 8 GeV/c, as well as the configurations
K*N, K*N, KN*, s F*, and K*N* arising from KN
and KN encounters from 2 to 5 GeV/c.

Even though our calculations are not exhaustive,
they su%ce to delineate roughly the domain of applic-
ability of the modified one-particle-exchange model.
This domain of validity appears to be rather limited.
Thus, on the one hand, the excellent agreement found
for the reaction s-p —+ pp at 4 GeV/c reported in I is
extended with equal success to the entire momentum
range of 1.6 to 8 GeV/c. Similarly, in the more limited
momentum interval of 2—3 GeV/c, the model success-
fully describes the reactions KN~ K*N, Kp~K*p
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and. Ep —+ E'E*.On the other hand, to the extent tha, t
the elastic and total cross sections are relatively slowly

varying functions of energy, the absorptive effects do
not prevent the familiar increase with energy of vector-
and higher spin —exchange amplitudes. This emphasizes
that the recipe for incorporating the effects of coupled
channels used by us is not sufFiciently sophisticated to
provide a model valid in the high-energy limit. It is of
course well known that Regge-pole exchange will give
production amplitudes consistent with unitarity in
the high-energy limit. But the generation of Regge-pole
behavior from the multiperipheral model' indicates a
connection between the notion of Regge exchange and
the absorptive model. The simultaneous use of Regge-
pole exchange and absorption inferred from elastic
scattering is therefore inconsistent. On the other hand,
at the energies considered here the simple Regge-pole
exchange mechanism is of doubtful validity.

The calculations presented here follow closely the
format set out in I. But minor improvements in the
calculation have been made, necessitating a recapitula-
tion of the essential formulas. Let P..Xd

~
8,

~

XJ ~) be the
one-particle-exchange amplitude for the partial wave of
angular momentum j, the helicities of the particles in
the initial and final states being (X„Xq) and (X„Xq),
respectively. In the high-energy limit, and when the
range of the exchange interaction is short corn.pared to
that of the absorptive interactions which give rise to
the elastic scattering in the initial and final states, the
distorted-wave Born amplitude is (see I-3.9)

where 6;( ) and 8, &+) are the complex elastic-scattering
phase shifts in the final and initial channels, respec-
tively. )In I we used the notation —,'g&+& = 5&+~.]The full

helicity amplitude is then

[cf. (1-3.13)$ as x~0, even when absorption is in-
cluded. This effect does not occur in p production, but
becomes important in reactions such as EÃ —+ E*3l*
where amplitudes with e& 2 enter significantly. In the
calculation reported here we have therefore put the
proper lower limit into the x integrations, namely
jp&x(~.

In I the elastic amplitudes were approximated by a
Gaussian function of impact parameter:

e"'j"'-1—C e-~+*'

Here
C+= 0 r &+'/47rA~,

p+ ——1/2q'A+, etc. ,

where ay&+) is the total cross section for a-b scattering,

q is the incident-center-of-mass momentum, and 2+ is
the parameter which appears in the elastic angular
distribution Li.e., do, ~/dh ~ e"', cf. (1-2.11));analogous
definitions apply to the final state quantities C and

y . In using (3) we tacitly assumed that the absorp-
tivity is a function of the total angular momentum j,
whereas it is probably more reasonable to assume that
the most relevant variable is the orbital angular rnomen-
tum. A treatment of the absorptive eKects in terms of
orbital angular-momentum states cannot be expected
to lead to qualitatively different results from those
obtained when the depletion of the incoming and out-
going waves is related to the total angular momentum.
In view of our very rudimentary understanding of the
various interactions involved, refinements which do not
lead to significant alteration of the final results are not
justifiable unless they do not complicate the calculation
procedures. We therefore continue to express all ampli-
tudes in terms of the variable j (or equivalently, x).
We have, however, made one slight alteration; namely,
we now use

where a&=2 sin(e/2), e= (X,—Xq) —(X,—Xq), and jo is
the larger of the two numbers ~X,—Xq( and ~X,—Xq(.
In (2) we have approximated the rotational function

by the appropriate Bessel function Lsee (1-3.6)$.
In I we converted (2) into an integral over the va, ri-

able x= j+~~, with x= 0 as the lower limit of integration.
The error introduced by retaining the unphysical partial
waves with j&jp vanishes in the high-energy limit.
This approximation is therefore consistent with the
others already implicit in (2). On the other hand, the
presence of these unphysical angular-momentum states
leads to spurious violations of the unitarity bound

D. Amati, A. Stanghellini, and S. Fubini, Nuovo Cimento 26,
896 {1962);D. Amati, M. Cini, and A. Stanghellini, i'd. 30, 193
(1963).

~2i5g ~ $ t e—yy(x—j./2)

instead of (3). This form has the property that when

C+ ——1 (and/or C =1) the lowest partial wave con-
tributing to amplitudes with' jp ———,

' is completely ab-
sorbed. Roughly speaking, this is equivalent to total
absorption in relative S states.

In carrying out the partial-wave analysis of the Born
amplitude we shall henceforth use the approximate form

Q)
fit OQ

e" K„(ex)J„((ox)xdx,
~2+~2

instead of the exact form (I-4.11) in which the lower
limit of integration is zero. The error incurred here is

(e'+oP) jo'. For small scattering angles such that
+& e, the error is thus of order e'jp', which vanishes in
the high-energy limit since e'~m '/s, where m, is the

~ Here we always have in mind collisions between nucleons and
spinless mesons; otherwise j0 could be zero.
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mass of the exchanged particle. The final form for the
amplitude is therefore

M i"&=A &~& f (e&x)E (ex)t'1 —C e ~+&* '"&'j'"

y t 1—C e
—r-&'—'/s&'1'/sxdot

+g (/ &L1 C e vy—(io r/s—&sjr/s

C e
—v (io—&/s&2$&/sd& /o(tt) (6)

where all symbols not yet de6ned are the same as in
(I-4.14).

We should like to stress that the refinements in the
formulation of I which have just been described do not
alter the theoretical predictions in a qualitative fashion,
even though they sometimes lead to quite noticeable
changes in the numerical values of cross sections and
decay correlations. Moreover, the more glaring failures
of the model (such as the energy dependence of vector-
exchange amplitudes) cannot be ascribed to these
rather minor ambiguities, nor to the mathematical
approximations which we have made. When and where
the model fails, it presumably does so because it does
not adequately describe the dynamics governing the
process in question.

11. THE REACTION eeP~ 9P

Experimental data on this reaction are available
from threshold to 8 GeV/c. " "Before we compare the
theoretical predictions with these data, we shall discuss

briefly the sensitivity of the results to the parameters
which appear in the model.

A. Dependence on Mass of Exchanged Particle

In I we found that absorptive effects lead to a drastic
forward peaking of the differential cross section. This
raises the question of whether the angular distribution

' H. Foelsche, E. C. Fowler, H. L. Kraybill, J.R. Sanford, and
D Stonehill, .Procee/fings of the lt&6Z Annnal International Con
ference on dough Lnergy Nnctear Ph-ysics at CEI/N, edited by J.
Prentki (CERN, Geneva, 1962), p. 36: n+p near 1 GeV/c."Saclay-Orsay-Bari-Bologna Collaboration, Nuovo Cimento 29,
515 (1963):n p at 1.6 GeV/c.

'2 Saclay-Orsay-Bari-Bologna Collaboration, Proceedings of the
Sienna International Conference on Ptementary Particles, ft&63,
edited by G. Bernadini and G. P. Puppi (Societa Italiana di
Fisica, Bologna, 1963) Vol. I, p. 239; also unpublished report,
June, 1964: m.+P at 2.75 GeV/c.

» Saclay-Orsay-Bari-Bologna Collaboration, Nuovo Cimento 35,
713 (1965):n p at 2.75 GeV/c.

'4 C. AIQ, D. Berley, D. Colley, N. Gelfand, U. Nauenberg,
]3. Miller, J. Schultz, J. Steinberger, T. H. Tan, H. Brugger,
P. Kramer, and R. Piano, Phys. Rev. Letters 9, 322 (1962);
T. H. Tan, Columbia University Nevis Report No. 123, 1964
(unpublished): ~+p at 2.35 and 2.90 Geg/c."Aachen-Berlin-Birmingham-Bonn-Hamburg-London-Munchen
Collaboration, Nuovo Cimento 34, 495 (1964):n+p at 4 GeV/c.

'6 Aachen-Berhn-Birmingham-Bonn-Hamburg-London-Munchen
Collaboration, Nuovo Cimento 31, 729 (1964):n p at 4 GeV/c."Aachen-Berlin-CERN Collaboration, Phys. Letters 12, 356
(1964); and private communication: n+p at 8 GeV/c.
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FIG. 1. (a}Differential
cross section for the re-
action 7r+p —+ p+p at 2.75
GeV/c as a function of
m, the mass of the ex-
changed pseud oscalar
particle. The absorption
parameters are C+
=0.82, C =1.00,
=0.062, y =0.046. The
known coupling con-
stants in the notation of
Ref. 22 are g' + 0,+/
br=2, G'» o/~=14. 6.
(b) The p meson's den-
sity-matrix ppp for the
same reaction.
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depends appreciably on the mass m, of the exchanged
particle once absorption is included. Figure 1(a) shows
the differential cross section at 2.75 GeV/c for t& produc-
tion via pseudoscalar exchanges for nt /tt= 1.0, 1.5, 2.0,
while the density matrix element" poo is shown in Fig.
1(b). Near the forward direction do/dQ is exceedingly
sensitive to m . The data are in agreement with the
rw, =tt curve (see Fig. 4), and completely exclude a
value of m, as large as 1.5 p. The density matrix element
poo shows a similar though considerably less pronounced
dependence on m . The theoretical values of poo for
m, =p are in good agreement with the data quoted in
Sec. IIC below, whereas those for m = 2p, are not.

H one-particle exchange is the basic mechanism, the
mass m, is not an adjustable parameter. The fact that
agreement with experiment is only attained when m,
is in the immediate vicinity of the pion mass gives one
considerable confidence in the model.

From Fig. 1(a) we make the additional observation
that the absorptive effects are unable to overcome the
defocusing that results when m, is increased. This
occurs when the ranges of the absorptive interactions
are compa, rable to or larger than 1/m„because the
diminution of the production amplitudes is then a
slowly varying function of j. Thus in vector-meson-
exchange processes, where m )&p, we expect the ab-
sorptive effects to produce rather less collimation than
in pion-exchange processes.

"K. Gottfried and J. D Jackson, Nuovo. Cimento 33, 309
(196&).

B. Dependence on Absorption Parameters

In all the reactions considered. here, one (or more) of
the reaction products is unstable. The parameters C
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FIG. 3. Differen-
tial cross section for
the reaction ~ p ~
p p at 1.6 GeV/c.
The absorptive pa-
rameters are C+
=0.90, y+ ——0.12. A
similar 6t is ob-
tained for the reac-
tion7I- p —+p'n, where
isotopic-spin consid-
erations show that
the cross section is
twice that for p pro-
duction. The data
are taken from Ref.
11.

0.3—

E
0.2-

CU
CI
'D

b

O.I—

I
I
I
I
I
I
I
I

7r p~p p

I.6 GeV/c

2 /~2

I

I5

FIG. 2. Differential cross section and p00 for the reaction m p ~
p P at 4 GeV/c. The coupling constants are the same as in Fig. 1.
The absorption parameters for the initial state are C+=0.76,
y~=0.040 throughout. Those for the anal state are, curve 1:
C =C+, p =y+,. curve 2: C =1.00, y =y+, curve 3: C =1.00,
y =0.75'+.

and y that characterize the elastic amplitudes are
therefore only available for the initial state. Although
photoproduction data will soon provide information
concerning the final-state interactions, parameters C
and y are at present unknown. We have therefore
explored the sensitivity of do./dQ and p ~ to modest
variations of C and y for a number of different
reactions. Typical effects are shown in Fig. 2 for
m. p~ p p at 4 GeV/c. Three cases are considered:
(1) identical initial- and final-state interactions; (2)
total absorption for the final S state together with equal
ranges of the elastic absorptive interactions; (3) range
of final-state interaction longer by a factor of (0.75) '"
than that of initial state, together with total absorption
in the S wave.

From Fig. 2 we conclude that modest variations of the
strength and range of the final-state interaction do not
lead to significant changes in the spin-density matrix
or the differential cross section. We shall mention the
eRects of considerably larger variations of p when we
deal with the reaction xS~ xS*below.

We must point out that according to the derivation
of the reaction amplitude given in Sec. 2 of l, it is not
permissible to treat C and p as independently variable
parameters in reactions mediated by pion exchange.
The factorized form (1) for the reaction amplitude is
only valid when the ranges of the absorptive interac-
tions satisfy QA+)&m, . This inequality is well satis-
fied in vector-meson exchange, but is badly violated in
pion exchange. Nevertheless, we shall treat C and 7
as independent parameters throughout, since this pro-
vides us with the only simple way of incorporating
final-state interactions which may be stronger and more
long-ranged than initial-state interactions.

C. Comyarison with Experiment

We shall now compare the model's predictions with
the data on p production. The reaction mechanism is

O.I5— 7@+ p~ p+ p
2.75 GeV/c

FIG. 4. Differential
cross section for the re-
action x+p ~p+p at 2.75
GeV/c. The absorptive
parameters are C+
=0.82, y+=0.062. The
data are taken from
Ref. 12.
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"U. Amaldi and F. Selleri, Nuovo Cimento Bl, 360 (1964).

assumed to be purely pion-exchange; the coupling
constants are then known (see I). In view of~the fact
that these predictions are not very sensitive to the pre-
cise values of C and y, we have simply set C = 1 and
y =43'+ throughout, unless otherwise specified. This
choice corresponds to a final-state interaction that is
somewhat stronger and longer ranged than that in the
initial state.

The comparison between theory and experiment for
the differential cross section is shown in Figs. 3—6. The
dependence of the total cross section on energy and
charge is shown in Fig. 7. The diRerence between p+
and p cross sections results from the different absorp-
tion parameters inferred from elastic ~p data. The
peripheral model without absorption" predicts equal
cross sections for p+ and p production. Although the
cross-section data are more or less consistent with both
models, the p+ cross section appears to be systematically
higher, in agreement with our calculations.

Data on the decay correlations for this reaction are
relatively meager. At 2.75 GeV/c the value of ppp,

averaged over production angles, is (ppp)~0. 7 for both
p+ and p production. ""A glance at Fig. 1(b) shows
that our calculations are in excellent agreement with
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FIG. 5. Differential
cross section for the
reaction ~ p ~ p p
at 4.0 GeV/c. The
absorptive parame-
ters are C+=0.76,
y+=0.040. The data
are taken from Ref.
16.

retical elements are 0.70, 0.04, and —0.17, respectively.
The agreement between theory and experiment over

the 1.6- to 8.0-GeV/c range of incident momenta is, on
the whole, highly satisfactory. It is true that the
difference between the experimental total cross sections
for s.+p —+ p+p and s=p —+ p p is considerably larger
than that of the theory. It must, however, be remem-
bered that this type of comparison involves absolute-
cross-section data from different experimental groups
and also depends on ill-defined p-production cross
sections at large momentum transfers, differences in
background subtractions, etc. It is slightly discon-
certing that the theory does not reproduce the forward
minimum observed at 1.6 GeV/c. But this is probably

4 8 l2 l6 20 24 28
+2g 2 ~

l
~

l 1 1' &'l'-I'

these measurements. "In p+ production at 4 GeV/c the
decay data" yields (pcs) =0.70&0.08, (p&, i)=0.17
&0.14, (pzp) = —0.07&0.07. The theoretical matrix ele-
ments averaged over 1& cosg&0.7 are 0.65, 0.06 and
—0.18, respectively. In p production at 4.0 GeV/c the
decay data" averaged over the smaller angular interval
1( cos8&0.9 imply (ppp) =0.53+0.12, (pi i)=0.16
~0.10, (pip) = —0.06+0.05, and the corresponding theo-

0 (mb) I

20-
~+p~p+ p

8.0GeV/c

I5-
0

I

l r l ~ l i I i f i l s l

4 5 6 7 8 9 JO
P ( G aV/c)

C)

b IO-

Ol

FIG. 7. The total cross section for the reaction m.+p —+ p+p as a
function of incident pion momentum, assuming only pion ex-
change. The upper (lower) solid curve is for m+(m ), the difference
being caused by different absorptive effects. The dashed curve
is the cross section of the one-pion-exchange model with an em-
pirical form factor Lace Eq. (41) of Ref. 19j. The experimental
points are taken from Refs. 10, 12—17.

5 ~ 4 4 E

IO 20
Q2 g

2
40

too low an energy for the peripheral model, and even
more so for the high-energy approximations used by us.

In I we predicted that the p's density matrix should
deviate significantly from the one given by the con-
ventional peripheral model (i.e., ppp=1, all other ele-
rnents zero). The decay data just quoted confirm this.

FIG. 6. Differential cross section for the reaction m+p ~ p+p at
8.0 GeV/c. The absorptive parameters are C+=0.60, 7+——0.016.
The data are taken from Ref. 17.

H C is kept equal to 1, moderate variations of the other ab-
sorption parameters are barely visible in p . We therefore do
not show any curves for p production at 2.75 GeV/f, . Further-
more, the values of p ~ presented in I can be applied to both p+
and p production at 4 GeV/c."I.Derado, V. P. Kenney, and W. D. Shephard, Phys. Rev.
Letters 15, 505 (1964).

D. Vector Exchange

The foregoing discussion has, in its entirety, been
based on the assumption that only pion exchange is
involved. There is no theoretical foundation for this
assumption: It is based on the early experimental ob-
servation' that the p meson produced in this reaction
displays a rather Hat Treiman-Yang distribution, and
the fact that, apart'from a factor of roughly 2 in pro-
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duction rate, the reactions sr p —i p p and w=p —+ p'rt

are indistinguishable. " But vector-meson exchange
appears to be a rather common phenomenon in periph-
eral reactions. We have therefore investigated the
sensitivity of our results to various admixtures of
vector exchange. There are two coupling constant com-
binations which determine the strength of vector ex-
change relative to the pseudoscalar exchange:

2gxm'PG+2iy

/ T'6 f pVrG Vpr/ger pGrno i

where the superscript designates vector or tensor cou-
pling. "Because of G-parity invariance, only p and co

exchange can enter into the reaction xX—+ pÃ. By
analogy with the isoscalar electromagnetic form factors,
we take G~((G, or g 0."The results are shown for
(=&0.25 and )=+0.50 in Fig. 8 assuming ntv ——rn„.
The presence of vector-exchange causes the differential
cross section to increase and the density matrix element

ppp to decrease at angles away from the forward direc-
tion. Another effect, not shown in Fig. 8, is a sizeable
azimuthal decay parameter pi i (e.g. , with t=&0.50
at 4 GeV/c or /=~0. 25 at 8 GeV/c, (pi, i)—0.3).
The importance of vector exchange increases dramat-
ically with energy: whereas ~$~ =0.25 gives a barely
acceptable fit at 4 GeV/c, it is far too large at 8 GeV/c. "

"The definitions of these coupling constants are the same as in
J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906 (1964);
34, 1841K (1964).

"This choice depends on the questionable assumption that the
mixture of co and y that enters here is the same as in the electro-
magnetic interaction. That co exchange dominates in both processes
is suggested by the large contribution of the co pole to the isoscalar
form factor, and by the abnormally small branching ratio for

+7l p.
'4Assuming pure co exchange, and accepting the estimatef, /4n. 10 based on the idea the oi —+ pn dominates the oi -+ 3n

decay LM. Gell-Mann, D. Sharp, and W. G. Wagner, Phys. Rev.
Letters 8, 261 (1962)], we find that ~h~ =0.25 corresponds to
(Gv„,vn)'/4n~0. 7. This can be compared with estimates derived
from nuclear force calculations, (G err)'/4n~3 LA. Scotti and
D. Y. Kong, Phys. Rev. Letters 10, 142 (1963);Phys. Rev. 138,
B145 (1963)j, (Gr„niv)'/4n 22 LR. A. Bryan and B. L. Scott,
Phys. Rev. 135, B434 (1964)). In the light of this comparison one
might well ask whether

~
t. can be determined in other ways. This

cannot be done within the framework of SU3 because of the
existence of vector mesons belonging to both the octet and singlet
representations. Sate and its relativistic generalizations LF. Giirsey
and L. A. Radicati, Phys. Rev. Letters 13, 173 (1964);F. Giirsey,
A. Pais, and L. A. Radicati, ibid 13, 299 (19.64); B. Sakita, ibid.
13, 643 (1964); Phys. Rev. 136, B1756 (1964); A. Salam, R. Del-
bourgo, and J. Strathdee, Proc. Roy. Soc. (London) A284, 146
(1965);M. A. B.Beg and A. Pais, Phys. Rev. Letters 14, 267, 509
(1965);B.Sakita and K. C. Wali, ibid. 14, 404 (1965);K. Bardakci,
J.M. Cornwall, P. G. O. Freund, and B.W. Lee, ibid 14,48 (1965);.
ibid. , p. 264 (1965)g relate the singlet and octet representations
and yield a vanishing p21-q coupling. Furthermore, the Dirac and
Pauli couplings of p' and ce to pp are identical, while the ypp
couplings are such that the octet isoscalar vector meson (co8) has
a small Pauli coupling (G 822 0), consistent with the isoscalar
anomalous magnetic moment. From this viewpoint the curves of
Fig. 8 should be taken only as qualitative indications of the eGects
of vector exchange; within SU6 only co exchange can occur, with
it/$ —2X3 71/4 71=1 575.

The significance of estimates of
~ $~ deduced from the

highest energy data is, however, questionable in view
of the difFiculties with the energy dependence of vector-
meson exchange discussed above.

III. KN~ K*N AND K'N —+ K*N

The CERN experiments" on the decay of K* pro-
duced in the reaction Kp ~ K*p at 3.0 GeV/c, when

analyzed on the basis of the peripheral model without
absorption, " imply that the reaction mechanism is
strongly dominated by vector-meson exchange. The
earlier" 1.96-GeV/c data on this reaction, when ana-
lyzed in the same manner, do reveal a noticeable admix-
ture of pseudoscalar exchange. A considerable amount
of new and very interesting data is now becoming
available on Kp —& K*p and closely related. reactions.
We refer, in particular, to the very detailed CERN
analysis" of decay correlations in Kp —i K'*p at 3.0
GeV/c, the preliminary CERN data" on Kp —+K*p
a,t 5.0 GeV/c, the Berkeley deuterium experiment"
which yields information on K+ts ~ K*p at 2.3 GeV/c,
and the Saclay data" on K P-+ KnN at 3.0 GeV/c
We shall have something to say about all of these data
presently, but for the moment we confine the discussion
to KP ~ K*P at 3 GeV/c.

Just as for srlV~ ptV, the strength of the pion-ex-
change interaction is known in the reaction EX—+ E*E.
As far as the vector-coupling constants are concerned,
the ambiguities associated with &o-&p mixing (when T= 0
exchange is a,llowed) are compounded by the possibility
of p exchange. There is therefore no a priori information
concerning the coupling parameters $ and rt defined by
expressions analogous to (7) and (8). For definiteness
we have taken the vector-meson mass to be 750 MeV.
Changes of this parameter can be compensated by
small alterations of the coupling constants.

A. K+P —& K*P at 3.0 GeV/c

We have made a systematic search for those domains
in the P-rt plane where a satisfactory fit to the produc-
tion angular distribution is obtained for K+p~ K*p

"G. R. Lynch, M. Ferro-Luzzi, R. George, Y. Goldschmidt-
Clermont, V. P. Henri, B. Jongejans, D. W. G. Leith, F. Muller,
and J.-M. Perreau, Phys. Letters 9, 359 (1964)."S.Goldhaber, Proceeding of the 4thens Topical Conference on
Recently Discovered Resonant Particles, edited by B. A. Munir
and L. J. Gallaher (Ohio University Press, Athens, Ohio, 1963),
p. 92.

» M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P.
Henri, B. Jongejans, D. W. G. Leith, G. R. Lynch, F. Muller,
and J.-M. Perreau, Nuovo Cimento 36, 1101 (1965).

"Private communication from the CERN group of Refs.
25 and 27.

29 S. Goldhaber, I. Butterworth, G. Goldhaber, A. A. Hirata,
J. A. Kadyk, T. A. O'Halloran, B. C. Shen, and G. H. Trilling,
in Proceedings of the 1Zth Annual International Conference on FIigh-
Energy Physics, Duenna, 1964 (Moscow, 1965).

"R.Barloutaud, A. Leveque, C. Louedec, J.Meyer, P. Schlein,
A. Verglas, J. Badier, M. Demoulin, J. Goldberg, B. P. Gregory,
P. Krejbich, C. Pelletier, M. Ville, E. S. Gelsema, J. Hoogland,
J. C. Kluyver. , and A. G. Tenner, Phys. Letters 12, 352 (1964).
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FIG. 8. The dependence of the differ-
ential cross section and ppp on the
strength of vector-meson exchange in
the reaction m p —+ pp at 4 and 8
GeV/c. All curves are for v=0. The
absorption parameters are the same
as in Figs. 5 and 6. The solid (dashed)
curves are for g positive (negative),
corresponding to destructive (con-
structive) interference in the forward
direction. E is the ratio of the di6eren-
tial cross section with pion and vector-
meson exchange to that for pion ex-
change alone ()=0). The ppp curves
for e=+0.25 at g GeV/c are not
shown; they lie closely on either side
of the lowest dashed curve.

at 3 GeV/c. st As is shown in Fig. 9, there are two very
distinct domains where g' is acceptable. Theoretical
production angular distributions typical of the two

domains are compared with the 3-GeV/c data in Fig. 10'

The decay correlations can be accounted for with the
same coupling parameters as give satisfactory fits to
the, diRerential cross section. The density matrix is
found to be a slowly varying function of g and r); curves
characteristic of the two domains of the (-r) plane men-

tioned above are compared with experiment" in I"ig. 11.
Within the large statistical errors, the accord between
theory and the data is satisfactory. "

0.7—

0.5—

K p (~and V)Kp
3.0 GeV~c

der

dQ

(mb )

04

0.3

0.2 —.

FIG. 9. Contour diagram of p' in the ((,p) plane for a fit to the
diiferential cross section of the reaction Z+p ~ Z*p at 3 GeV/c.
Seven data points from Ref. 25, covering 1& cosg(0.65, are
used. The absorption parameters are C+=0.90, y+ ——0.11. The
known pion-exchange coupling constants are g'x+ ox'/4~=0. 75,
G'» 0/4s =14.6. ~P~ =1 corresponds to

(fx'v x*(G'»v +G'»v )/4~)'=44
and

tv~ =1 to (fGr/4n)'=11.
Only two regions of small g', labeled I and II, are found. Along the
valley in domain I(II) the smallest y' is 3.5 (4.7), compared with
an expected value of 5.

3' In carrying out this search we keep C = 1.00 and y = 0.75j.+.
Moderate alterations of these absorption parameters can be
compensated by a slight shift of the domains shown in Fig. 9, and
would not alter our conclusion to a significant degree.

0
I.O

I

0.9
l

0.8
cos 8

I

0.7 0.6

3' In the peripheral model without absorption, there is no inter-
ference between pseudoscalar and vector exchange (Ref. 22) in
either the differential cross section or the decay correlations.
This is no longer true when absorption is included. For further
details see Fig. 16 of Ref. 7 and accompanying discussion.

FxG. 10. Comparison of the theoretical differential cross section
of Z+p -+ Z~p (with Z*~ Z's.+) at 3 GeV/c with the experi-
mental data (Ref. 25). The absorption parameters are the same
as in Fig. 9. The solid (dashed) curve corresponds to vector-
meson coupling constants in domain I (II) of Fig. 9. The actual
values are )=1.55, g=1.48 ($= —0.72, g=0.10), but the curves
change very slowly as $ and p are moved along the long and narrow
valleys of domains I and II.
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A comparison of the theory with the 2.3-GeV/c
Berkeley data on cross sections and decay angular dis-
tributions is shown in Fig. 12. For K+n~ K*p only
pion exchange is assumed, whereas for E+p —+K*p
vector exchange is included with the coupling constants
of domains I and II of Fig. 9. The K+I —+ E*p results
are fitted well by pion exchange; the E+p —+ E*p data
favor the vector-coupling constants of domain I.

I.O 0,9
Cos e

' 0.8 C. X p ~ K*p at 3 GeV/c
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Fxe. 11. Theoretical and experimental (Ref. 27) E* density-
matrix elements for the reaction of Fig. 10 as a function of center-
of-mass production angle. The solid and dashed curves correspond
to those of Fig. 10.

" (a) SU3 does not help because it does not relate the octet and
singlet vector meson couplings, while the electromagnetic data
only provide G /G~ for the octet. (b) 5U6 does make specific
predictions, as discussed in footnote 24. The relativistic theory
allows the exchange of p, co and y mesons (for Q, =0) with cou-
pling constants such that the coherent superposition of the three
amplitudes for X+p —+E*p is equivalent to the exchange of a
single vector meson with G+=0, i.e., g=2g. The line g=2( lies
squarely along the ridge of large p' between domains I and II in
Fig. 9. For processes with Q„=1 (e.g., %+a -+ K* p) the p-ex-

B. Isospin Character of Vector Exchange

Both isoscalar and isovector exchange are possible
in K+p —+E*p, but only the latter is allowed in the
reaction K+e —& E*p. The Berke'ley E+ dexperimen—t"
comparing these two reactions therefore yields informa-
tion on the isotopic spin character of the exchange
process. The decay correlations in E+e —&E*p are
characteristic of pseudoscalar exchange, whereas in
E+p ~E*p they are typical of appreciable vector ex-
change as expected from the 3-GeV/c experiment on
this reaction. In the light of this experimental result,
one may ask whether a choice can be made between
the two p-rf domains of Fig. 9 that fit the charge-zero
transfer process. The only firm statement that can be
made (based on the interference from isovector elec-
tromagnetic form factors that Gr)&Gv for p exchange)
is that domain II of Fig. 9 cannot correspond to pure
p exchange. Because the ratio G~/Gv is unknown for
isoscalar exchange, a preference of one $-rf domain
.over the other cannot be established without further
assumptions. "

If our model is correct the coupling constants found
in the analysis of K+p —+ E*p should be appropriate to
K* production in E p collisions. The experimental
results on K* and K* production at 3 GeV/c are
virtually indistinguishable. "From our viewpoint differ-
ences between E+p &E*p —and E p —+K~p should
arise because the E -p elastic cross section is much
more sharply peaked and the total cross section con-
siderably larger than those for E+ p. The abso-rptive
parameters inferred from E+ pand E --p elastic scatter-
ing at 3 GeV/c'4 "are

E+p:
K p:

C+.
0.90
0.64

7+
O.iio
0.050.

change contribution is predicted to have a g value 5/12ths as
large as the equivalent ( for Q, =0. A vector-exchange contribu-
tion of this magnitude may be just consistent with the data shown
in Fig. 12. (c) The notion of amplitude parity LJ. B.Bronzan and
F. E. Low, Phys. Rev. Letters 12, 522 (1964)g is of no assistance.
It ascribes the isoscalar electromagnetic form factor to p ex-
change, but implies that the dominant vector meson exchanged
in the reaction considered in Secs. II and III is the co.

34 J. Debaisieux, F. Grard, J. Heughebaert, L. Pape, R. Wind-
molders, M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clerrg. ont,
V. P. Henri, B. Jongejans, D. W. G. Leith, G. R. Lynch, F.
Muller, J.-M. Perreau, G. Otter, and P. Sallstrom, in Proceedings
oJ the 12th Aerial Conference on, High-Energy Physics, DNbna, 1064
(Moscow, 1965).

3'M. N. Focacci, S. Focardi, G. Giacomelli, L. Monari, and
P. Serra (unpublished).

As expected, the absorptive interaction for E -p extends
to larger impact parameters than for E+ pbut, sur--

prisingly enough, is far from totally absorbing in the
lowest partial waves.

Searches in the $-rf plane were made for satisfactory
6ts to the experimental differential cross section at
3 GeV/css with our conventional choice C =1 and

y =43'+, as well as for smaller values of C . Because
C+ is small, the theoretical angular distribution is
rather sensitive to C; total absorption in the 6nal-state
Swave appears to be required for an acceptable 6t. Even
when C =1 the best fits are not very good. With the
amount of vector exchange necessary to fit the absolute
cross section in the forward direction, the angular dis-
tribution is too broad. If advantage is taken of the 20'%%u~

error quoted on the reaction cross section (0.75&0.15
mb) and a search is made for fits to the data multiplied
by 0.8, quite acceptable solutions are found in the
general locations of domains I and II of Fig. 9, but
with somewhat larger absolute values of $ and r). A



8436 JACKSON, DONOH UE, GOTTFRIED, KE YSER, AND SVENSSON

CAI-
LLJ

U
O

(0) CO
~ I-'K

LLj0
UJ

U
O

t\
I $
i l
I
I

l

(b)

are those found for the E+p data at 3 GeV/c. The
angular variation of the X*density matrix is compared
with the data" in Fig. 14. On the whole the agreement
is satisfactory within statistical uncertainties.
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D. X+p ~ X*p at 5 GeV/c

Until now we have discussed the reaction Ep —& E*p
at 3 Gev/c and at 2.3 GeV/c. There are data available
at" 1.96 GeV/c and preliminary results at 5 GeV/c
from the CERN group. "A comparison between the
5-Gev/c data and our theoretical cross section is shown
in Fig. 15. The coupling constants are those of Figs. 9

-I 0
Cos 8

l

0
Cos.e

compromise choice of $ and rf can be made that gives
reasonable agreement with both the K+ and K data,
within the limits of error on the absolute normaliza-
tions. Figure 13 shows the differences that arise because
of different absorptive effects. The coupling constants

Fro. 12. Differential cross sections (above) and Ee decay
angular distributions (below) for the reactions E+n ~E*p and
E+p ~ E*+p at 2.3 GeV/c. The data are from Ref. 29. Part (a) is
for E+n —+ E+'p, with the curves calculated assuming only pion
exchange. Part (b) is for E+p ~E*+p, with curves computed for
pion and vector-meson exchange with the latter's coupling con-
stants as found at 3 GeV/c Lsolid (dashed) curve for domain I (II)
of Fig. 9$. The abosrption parameters are C+=1.0, y+=0.17.
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FIG. 14. Comparison of theoretical and experimental (Ref. 30)
K* density-matrix elements as a function of production angle for
the reaction of Fig. 13. The solid (dashed) curve corresponds to
vector-meson coupling constants from domain I (II) of Fig. 9,
but with the E p absorption parameters given in Fig. 13.
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FIG. 13. Theoretical and experimental (Ref. 30) diGerential
cross sections for the reaction E p ~E* p (with E~ —+E'x )
at 3 GeV/c. The upper set of solid and dashed curves are those of
Fig. 10 for E+p —+ E~+p. The lower pair are calculated with the
same coupling constants as in Fig. 10, but with E p absorption
parameters, C+=0,65, y+=0.050, C =1.0, y =0.038.

and 10, determined at 3 GeV/c. Although the agreement
is satisfactory for small momentum transfers (LV &15p'),
the theoretical cross section is much too high at larger
values of lV. This is rejected in the theoretical total
cross section of 0.85 mb, compared with the experi-
mental estimate of approximately 0.3 mb. One can
argue that the model, and the approximations used by
us, are only expected to be valid at small 6'. But at
3 Gev/c we did achieve an excellent fit to the data over
the interval, 0&6'&30''. The failure at 5 GeV/c can,
in all probability, be traced to the growth of the vector-
exchange amplitude with energy. The disagreement
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should become more pronounced at higher energies.
The K* decay correlations have also been analyzed

at 5 GeV/c. "The preliminary experimental results are
(poo)=0 25&0.12, (pr, t)=0.42&0.11, Re(pro)= —0.04
&0.09. The corresponding theoretical values, averaged
over the interval, 0&6'&20@', for the two domains of
Fig. 9 are (poo)=0.01, (pr t)=0.41, Re(pro)= —0.02
(domain I), and (poo) =0.08 (pt, t)=0.42 Re(pro)
= —0.03 (domain II). The only disagreement is for the
value of poo, and even there the comparison is sensitive
to the averaging interval. '6

On the whole the model achieves quite satis-
factory agreement with a rather large body of experi-
mental information currently available on the reactions
K+1V~ K*X and K p —+ X*p. Minor discrepancies
occur, but they cannot be regarded as serious until sub-
stantiated by Inuch greater statistical accuracy, espe-
cially for the decay correlations. The most glaring

0.6—

m 0.4-
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Io

0.9
Cos 8

2 g
2

20
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20
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26 /p.
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I
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FrG. 16. Differential cross section for the reaction E+p ~ E &*
at 3 GeV/c. The data are from Ref. 27. The solid curve is calcu-
lated using the relativistic version (Ref. 22) of the Stodolsky-
Sakurai magnetic dipole model of p exchange with the absorption
parameters given in Fig. 10.The dashed curve shows the effect of a
relatively modest intrinsic form factor, F(A')=M'/(rt'+M')
with M =0.9 GeV.
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proposed by Stodolsky and Sakurai' in which there is
only one coupling constant.

The theoretical differential cross section is in good
agreement with the data'r (see the solid curve in Fig.
16). The Ã* density matrix predicted by the model is
compared to the data in Fig. 17. The agreement is

0.6—

FIG. 15. Differential cross section for the reaction E+p —+ E*p
at 5 GeV/c. The preliminary data are from Ref.28. The curves are
calculated with the same coupling constants as at 3 GeV/c (those
of Fig. 10). The absorption parameters are C+——0.74, y+=0.050.

failure is the disagreement with the angular distribution
of production and magnitude of the reaction cross
section at 5 GeV/c.

IV. ISOBAR PRODUCTION

A. K+P —+ Ko¹at 3 GeV/c

We now turn to the CERN data" on E*production
in K+p collisions at 3.0 GeV/c. This reaction can only
be mediated by the exchange of states with nonzero
spin and isospin, i.e., via p exchange in the simple model.
There are then three independent coupling constants at
the baryon vertex. We shall, however, restrict ourselves
to the relativistic version" of the magnetic-dipole model

FIG. 17. Elements
of the lV* density
matrix for the reac-
tion E+p —+ EpE* at
3 GeV/c as functions
of production angle.
The data are from
Ref. 27. The solid
and dashed curves
have the same mean-
ing as in Fig. 16. The
dotted curve in the
top figure is the
prediction of the
relativistic magnetic
dipole model of p ex-
change without ab-
sorption (Ref. 22).
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36 While for domain I of Fig. 9, the maximum value of ppp is of
the order of 0.06, for domain II ppp rises to a maximum of 0.52
in the forward direction. For this solution, averaging over the
smaller interval 0 &n'&10' yields a value (poo) =0 14.

37L. Stodolsky and J. J. Sakurai, Phys. Rev. Letters 11, 90
(1963);L. Stodolsky, Phys. Rev. 134, 81099 (1964).
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qualitative at best. But it is obvious that more precise
data are necessary for a decisive comparison between
theory and experiment. '8

As discussed in Sec. 3 of Ref. 22, the p-photon analogy
and 5U3 lead to the coupling constant product
(gx,xG~,~*)2/16 rr' 40 T. he curve shown in Fig. 16
was calculated with this parameter as 56 instead of 40,
a difference easily within the uncertainties of the theo-
retical estimate.

Because this is a vector-exchange process, the theo-
retical cross section increases with energy (the calcu-
lated cross section is roughly 0.4 mb at 2 GeV/c, 0.9 rnb
at 3 GeV/c, and 1.1 mb at 5 GeV/c) in strong disagree-
ment with experiment (see Table II of Ref. 27 and
Table I of Ref. 40). The significance of the coupling
constants quoted above is therefore obscure.

It is of interest while considering this reaction (where
a single-exchange mechanisin occurs) to examine the
effects of including an intrinsic form factor in the Born
amplitude (X.X~I 8;IX,Xb) of Eq. (1). There can be no
doubt that such structure factors exist, with variations
in 6' roughly characteristic of the masses of the particles
involved. Such 6' dependences are unlikely to produce
the collimation attributed here to absorption, but their
effects need to be explored. The result of including a
modest intrinsic form factor, F(A') =M'/(A'+M') with
3f m&=0.9 GeV, is shown by the dashed curves in
Figs. 16 and 17. The cross section shows an expected
increase in its peaking at small angles, while the decay
correlation parameters tend to shift towards the values
given by the peripheral model without absorption. The
latter fact can be understood from the presence of more
partial waves in the Born amplitudes with the form
factor than without. Since the absorption depletes a
6xed number of the low partial waves, less multilation
of the amplitudes occurs with than without the form
factor and the resulting decay parameters are less
altered.

The changes produced by a relatively slowly varying
form factor are of the same order of magnitude as arise
from variations of the 6nal state absorption parameters
(see Fig. 2). It is clear that until the model is refined
well beyond its present state nothing very definite can
be said about the presence or absence of intrinsic form
factors, unless in a particular process they happen, by
some set of circumstances, to vary quite rapidly with lV.

B. X—P~m F*(1385)

In view of the success of the Stodolsky-Sakurai
M1 coupling model for p exchange in the process
E+p~EoÃ~, the analogous reaction, E p~rr I'i*
(1385), is of considerable interest. Here E*exchange is
the only simple mechanism. On the basis of unitary

l00—

K-p(K ) ~-V,"
2.24 GeY~c

dr
dn

(pb/sr)
50'
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FIG. 18, Differential cross section for the reaction E P —& x V~
(1385) at 2.24 GeV/c. The preliminary data are from Ref. 39.
The solid curve is calculated from the relativistic magnetic dipole
coupling model of K* exchange with absorption parameters
C+=0.70, y+=0.077. The dashed curve includes the intrinsic
form factor of Fig. 16.

symmetry it is expected that the relativistic M1 cou-
pling will be applicable at the pIPF* vertex, with the
resultant well-known decay correlation. Preliminary
results" at 2.24 GeV/c confirm this expectation. A com-
parison of the present theory using the 3f1 coupling
and experiment is shown in Figs. 18 and 19. Just as in
Figs. 16 and 17, two sets of curves are shown, one with
point couplings in the Born amplitude and one with an
intrinsic form factor, F(d,')=M'/(L9+M')& M=0.9
GeV/c. For both curves the shape of the differential
cross section is in adequate agreement with the data.
The I'~ decay correlation parameters are changed
appreciably by the form factor. The explanation is the
same as that given a,t the end of Sec. IVA, with the
additional observation that, if anything, there are
fewer partial waves present here and the modifications
therefore somewhat larger. The theoretical decay corre-
lation parameters, averaged over the interval 0.6( cose(1, are (p33)=0.25(0.30), Re(ps, i)=0.15(0.23),
Re(p3 i)= —0.14(—0.008), where the numbers in paren-
theses are the va, lues with the form factor. For com-
parison the simple Stodolsky-Sakurai predictions are
p33=0.375, Rep3, q=0.217, Rep3, q

——0, independent of
production angle. The experimental results for the first
two parameters are (p~3)=0.31&0.05 and Re(ps i)
=0.27&0.04 Re(ps i)=0.032&0.038. Reasonable agree-
ment is found with the calculations including the form
factor.

The experimental reaction cross section is found to be
182+16pb at 2.24 GeV/c, with the contribution from

38 In this connection we remark that the o8-diagonal elements
of the density matrix shown in Fig. 17 must vanish at 0=0 if the
production cross section is 6nite there. The data do not appear
to conform with this very general requirement.

9 J.Leitner, H. Primer, M. Goldberg, M. Gundzik, T. Kikuchi,
E. L. Hart, K. W. Lai, G. W. London, N. P. Samios, and S. S.
Yamamoto, Bull. Am. Phys. Soc. 10, 90 (1965); also private
communication.
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the region cose)0.6 being 160 pb. The pK*'Fq*+ M1
coupling strength" necessary to reproduce this magni-
tude is Grs/4s =50 and 40 for the point coupling and
form factor calculations, respectively. This value may
be contrasted with the SUs prediction that the pK*'I',*+

coupling GP/4~ should be —', tha, t for pp Ã*++, the
latter inferred from results of Sec. IV.A at 3 GeV/c to
be roughly 56.4'

C. m+p —+ ~'N"

The production of isobars in m-S collisions is presum-
ably closely related to the reactions K+p —+ KoN* and
E p —+ s T*,discussed in Secs. IV A and IV H. The pe-
ripheral mechanism is p exchange and the theoretical
differential cross sections and decay correlations are
expected to be similar to those for K+p —+ K'N*, with
allowance for different absorptive effects. The data at
3.54 GeV/c, 4' as well as at" 4' 2 75 and 4.0 GeV/c "do
not confirm these expectations. While the decay correla-
lation data are fitted reasonably well by the Stodolsky-
Sakurai or the present predictions, the experimental
production angular distributions are far more peripheral
than the theoretical calculations and the data for
E+p —+EN'. This is shown in Fig. 20, where the
2.75- and 4.0-GeV/c data on 7r+p —+ m'N* are compared
with the 3.0-GeV/c results for E+p —+ E Ã* and with a
theoretical curve appropriate to the 4.0-GeV/c m+p

data. The theoretical cross section is of roughly the

' This estimate depends upon the unitary symmetry prediction,
g'rc+, -z'/4s =1.0, whereas in the present reaction the K IC~'w

coupling is known from the E* width to be g'x-x*' -/4x. =1.5.
The discrepancy probably lies as much in the incorrect energy
dependence of vector-exchange amplitudes as in a failure of
unitary symmetry. Evidence for this is found in the fact that the
present model is consistent with preliminary data at 3.0 GeV/c
Pj. Badier, M. Demoulin, J.Goldberg, B.P. Gregory, P. Krejbich,
C. Pelletier, M. Ville, R. Barloutaud, A. Leveque, C. Louedec, J.
Meyer, P. Schlein, A. Verglas, E. S. Gelsema, J. Hoogland, J. C.
Kluyver, and A. G. Tenner, in Proceedings of the 12th Annual
Conference on High-Energy Physics, DNbnu, 1964 (Moscow, 1965)j,
with a cross section of 100yb, using the SUg prediction of couplings
determined ut the same energy.

4I M. Abolins, D. D. Carmony, D.-N. Boa, R. L. Lander, C.
RindQeisch, and N.-H. Xuong, Phys. Rev. 136, B195 (1964).

4' Saclay-Orsay-Bologna-Sari Collaboration, Phys. Letters 13,
341 (1964).

-0.2'-

FIG. 19. Elements of the V density matrix for the reaction
E p ~ w Y* (1385) at 2.24 GeV/c as functions of production
angle. The solid and dashed curves have the same meaning as in
Fig. 18. Note that pII+p33=0.5.

V. m+n-+top

An interesting example of the production of a vector
meson is the reaction 7r+n ~ cop. The only simple ex-

2-

V

4l
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6

a+p
4 GeV/c

CI

b

~+p-~ON"
I

2.75GeV/'c
I

0.2
{Gev/c)

r
0.4 0.6

FIG. 20. Comparison of differential cross sections for the reac-
tions 7+p —& vr'E* and E+p —+ E'X*.The 4 GeV/c 7i-+p histogram
from the data of Ref. 15 is normalized properly, but the 2.75
GeV/c 71.+p data (Ref. 42) and the E+p data at 3 GeV/c (Ref. 25
and Fig. 16) are arbitrary in scale. The curve is calculated for
~+p ~ s'llr~ at 4 GeV/c assuming p-exchange and with absorption
parameters C+=0.76, y+ ——0.040, C =1.0, y =0.020 and mag-
netic dipole coupling constant 1G'~)»+s'/4s =50.

correct magnitude at small momentum transfers, but
is much too broad. Wide variations of the final-state
absorption parameters C and y do not produce large
changes in the shape of the differential cross section,
but only in its magnitude (see the remarks at the end
of Sec. II.A). With C = 1.0, y =0.5y+ and G'q/4s-= 50,
as in Fig. 20, the calculated total cross sections are 0.42
rnb at 2.75 GeV/c and 0.68 mb at 4.0 GeV/c, compared
with the experimental values of4' 0.30&0.03 mb and
0.29&0.03 mb, "respectively. The model therefore fails
completely to describe the process a.+p ~ ~'N* at any
energy.

The incorrect energy dependence of the cross section
is by now a familiar deficiency of vector-meson-exchange
processes, but the marked difference between 7r+p —+

rr'N* and K+p-+ K'N* is another matter. One possi-
bility is the presence of very different intrinsic form
factors as the z~p and EEp vertices, but this runs
contrary to any notion of approximate SU& symmetry.
Another possibility is the removal of ~+p events from
the Ã* band by final state interactions not included in
the diffractive scattering of the model. This effect can
be expected to be most important for (a) short-lived
resonances like 1V*, (b) large momentum transfers that
correspond to close collisions, (c) final states in which
the particle(s) other than the resonance interact
strongly with it (e.g. , w'N*, rather than KoN*).
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FIG. 21. Comparison of theoretical and experimental differential
cross sections for s+e ~ cup at 3.25 GeV/c. The data, shown with
arbitrary normalization, are from Ref. 44. The coupling constants
used in the calculations are f', /4n=10, (G. v„,+„)'/4s = 2.0. The
absorption parameters are C+=0.80, y+ ——0.046, y =0.034. The
solid and dashed curves both have C = 1, but correspond to
Gr/Gv=3. 7 and 2.0, respectively. The dot-dashed curve has
C =0.9 and Gr/Gv=3. 7.

4' T. C. Bacon, W. J. Fickinger, D. G. Hill, H. W. K. Hopkins,
D. K. Robinson, and K. O. Salant, Bull. Am. Phys. Soc. 10, 66
(1965); and private communication.

44 H. 0. Cohn, W. M. Bugg, and G. T. Condo, Phys. Letters
15, 344 (1965).

4~ An even larger value of G~//G+ is indicated by the experi-
mental value of p00, but it is dificult to increase p00 above 0.6,
whatever the ratio Gr/Gv.

change process allowed by isospin and G parity is

p exchange. But the decay correlation data at" 1.7
and44 3.25 GeV/c imply (ppp)&0. 5, a value completely
inconsistent with the prediction (ppp=0) of the simple
p-exchange model without absorption.

The results of calculations with the present model at
3.25 GeV/c are compared with experiment44 in Figs. 21
and 22. The first observation to be made is that any-
thing but complete absorption of the lowest partial
waves (C+ and/or C = 1), as typified by the dot-dashed
curve in Fig. 21, is in gross disagreement with the experi-
mental differential cross section. The other curves show
the effects of variation of the ratio Gr/Gv, the solid
curve corresponding to the couplings of the p meson
inferred from the isovec tor electromagnetic form factors.
The experimental data on the angular distribution (Fig.
21) and decay paramenters (Fig. 22) agree tolerably
with the "true" p-exchange curve, provided C =1.45

Similar agreement occurs at 1.7 GeV/c (even though
this momentum is probably too low for applicability
of our model) for both the shape of the cross section for
cose&0.7 and the decay correlations. The experimental
(theoretical) density-matrix elements, averaged over
the interval 1&cos8)0.7, are (ppp)=0. 60&0.12(0.62),
(pt, t)=0.0&0.712(0.05) (Reptp)= 0.06&0.08( 0.11).
The agreement is even better than at 3.25 GeV/c.

This reaction is a striking example of the differences

7r+n tP)tuP 3.25 GeV/C

oo
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Fio. 22. Theoretical and experimental co density matrix elements
for s.+n —+ cop at 3.25 GeV/c. The meaning of the curves is the
same as in Fig. 21.

46 The relative size of the changes caused by absorption in pion-
exchange processes and the present reaction can be understood in
these terms. But one might ask about the other p and IC~-ex-
change processes, such as the isobar production reactions of Sec.
IV, in which the Stodolsky-Sakurai predictions Gt the data. The
answer is that there are sizeable changes there (see Fig. 17), but
the average values of the density-matrix elements happen to be of
the same general magnitude as those of the simple model. The
quantitative effects of absorption depend in detail on the spins
and parities of the particles involved.

that can occur between the peripheral models with and
without absorption. The observed decay correlations
do not even resemble qualitatively those of the periph-
eral model without absorption, assuming p exchange.
One may in fact ask, on the basis of past experience
with absorptive effects, why there is such a dramatic
change in the decay correlations here when absorption
is included. In p production with pion exchange, for
example, there are some changes, but the gross feature
of a large poo and small pi ~ persists. The reason for the
modest effects of absorption in p production and the
radical effects in the present reaction can be understood
in part as follows: At a given energy, the lighter the
mass of the exchanged particle, the more partial waves
that enter significantly; and for a fixed mass, the higher
the energy, the more partial waves. The decay-correla-
tion parameters depend on a delicate combining of the
various helicity amplitudes, each with its partial-wave
expansion. Furthermore, the deep minimum of the
differential cross section in the forward direction for
cp production in the simple p-exchange model )see Eq.
(14) of Ref. 22] depends on a cancellation at cos0=1
of "normal" partial-wave expansions and anomalous
terms in the lowest partial waves [A„&"& and A„' '

terms in Eq. (6)]. When absorption of the lowest
partial waves is introduced, the delicate balances and
cancellations are destroyed —the cross section peaks at
cos0=1 instead of falling towards zero; the density-
matrix elements are altered. When the number of
partial waves is relatively small, the absorption pro-
duces drastic effects."

In spite of the success of our model in giving decay
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correlations and shapes of differential cross sections for
s+e —+ oep, it fails again on the energy dependence. With
the coupling constants of Fig. 21 and G~/Gv=3. 7, the
calculated cross sections (for cose) 0.7) at 1.7 and 3.25
GeV/c are 0.20 and 1.0 mb, respectively. At 1.7 GeV/c
the observed total cross section is 1.68~0.19 mb, 4'

with 0.4 mb coming from cose) 0.7, while at 3.25 GeV/c
a comparison of the reactions ir+I —& cop and 7r+n —+ p'p
allows one to estimate from Fig. 7 that the total cross
section is approximately 0.2 mb.

VI. DOUBLE RESONANCE PRODUCTION

In four- and five-body final states the formation of
two resonances (pN*,K*N*,oslV*) is a prominent feature
at all incident momenta. We discuss here the reactions,
s.+p —+ polV* and K+p —+K*1V*, where the dominant
mechanism is pion exchange. The process w+p —+ &oN*,

with p exchange as the only simple possibility, has been
treated elsewhere. "

If pion exchange is taken as the only mechanism,
there are no adjustable coupling constants at our dis-
posal. Because there are two unstable particles in the
final state the calculations were performed with a rather
wide range of final-state absorption parameters. The
conclusion from this exploration is that, while the shape
of the differential cross section and the decay correlation
data are well reproduced by the theory with reasonable
choices of C and y, the magnitudes of the theoretical
cross sections are too large by a factor of 2—3 at incident
rnomenta of 3—4 GeV/c. 4s The specific areas of agree-
ment and disagreement are described below, as well as
a reason for the failure of the model to give the absolute
cross sections correctly.

A. oe+P —+ goN*

Data are available on the production of piN* in m+p

collisions at 2.77,"3.65,o'4 0 "and 8.0 GeV/c ' A com-
parison of theory and experiment at 4 GeV/c has
already been given in Figs. 13 and 14 of Ref. 7. Similar
agreements are found at 3.65 GeV/c. The shape of the
differential cross section is reproduced reasonably well
and the calculated decay-correlation parameters are in
embarassingly good agreement with the data": The

"B.E. Y. Svensson, Nuovo Ciinento (to be published). In this
reaction, generally satisfactory agreement with the data is ob-
tained. In particular, the theory is able to reproduce the very
significant departure of some of the density matrix elements from
the values given by the simple p-exchange model without absorp-
tion, just as in Sec. V for w+n —+ cop.

4' In these calculations we use a value of y that is of the same
order of magnitude as that obtained from the elastic-scattering
data (i.e., 0.25 &y /y+&1.0), and C in the range 0.5&C &1.0.
One might hope to remove this disagreement by assuming a 6nal-
state interaction between the resonances that is completely
diferent from that in the incident channel. This hope is not borne
out by detailed calculations. If we allow y and C free rein, we
are able to achieve the desired reduction of the cross section, but
only at the cost of spoiling the shape of the angular distribution.

49 S. S. Yamamoto, J. R. Smith, D. C. Rahm, and J. J.
Lloyd, in Proceedings of the 1Zth Aeenul International Conference
on High Energy Physios, Dnbna, -1964 (Moscow, 1965).

experimental (theoretical) values for the p meson's
density-matrix elements, averaged over 0&6'&20@2,
are

(poo) =0.72&0.04(0 74), (pi, i)= —0.003+0.04 (0.02),
(Repro) = —0.044&0.03 (—0.06) .

The X* density-matrix elements are

(pii) =0.45+0.03 (0.42),

(Reps i)=0.013+0.03 (0.006),

(Repoi) =—0.045~0.04(—0.04) .

While there is some question on the experimental
value of the total cross section around 4 GeV/c (at 3.65
GeV/c, the value quoted is 1.17+0.12 mb"; at 4.0
GeV/c it is given as" 0.60&0.18 mb), it is much smaller
than our calculated 2 mb (using y+=0.040, C+——0.76,
y =0.020, C = 1.0).At 8 GeV/c the comparison is more
favorable. The experimental value can be estimated
from Ref. 17 to be 0.6—0.7 mb and the theoretical result
is 0.8 mb (for y =0.5y+, C =1.0).

B. Combined Correlations in oo+P ~ poN"

The excellent agreement between theory and experi-
ment on the separate decay correlations for p' and E*
at 3.65 and 4.0 GeV/c argues strongly for the validity
of pion exchange as the dominant mechanism. In addi-
tion to the individual decay distributions, data on
combined correlation effects are presented in Ref. 50.
Significant changes were found in the g* and p decay
angular distributions when selection was made of diBer-
ent angular intervals in the other resonance's decay. On
the basis of the simple peripheral model without absorp-
tion such combined correlations cannot occur for pion
exchange, but one might expect that absorptive e6ects
(which cause deviations of the individual density
matrices from the predictions of the simple model)
could produce such correlations.

In a two-body reaction, ab —+ cd, where c and d are
both unstable, advantage can be taken of the Lorentz
transformation properties of helicity amplitudes" to
obtain a distribution describing simultaneously the
decay of c in its rest frame and the decay of d in its
rest frame":

W(e„oo, , ()a, o d)=N P P (m,ma~ p~m, 'ma')
fg of0 o f0''r)b

&&X" . .(e. v.)x" (i)e ed) (9)
"G. Goldhaber, "Multipion and baryon resonances in the

7i-+p reaction, " Proceedings of the Conference on Particle and
High-Energy Physics, Boulder, Colorado, 1964 (to be published);
and (private communication)."Aachen-Berlin-Birmingham-Bonn-Hamburg-London-Munchen
Collaboration, 5uovo Cimento 35, 659 (1965).

"The key relation for the derivation is Kq. (6) of Ref. 18 which
contains the fact that as one goes from the rest frame of c to the
rest frame of d only the helicities of a and b change. The subsequent
derivation follows closely that of Sec. 3 of Ref. 18.

"An independent derivation of this result has been given by
H. Pilkuhn and B. E. Y. Svensson, Nuovo Cimento (to be
published).
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where, for the decays of interest here, '4

In (10), A=X—X', X, V being the helicities of the two
decay products from the resonance. The form of the
combined density matrix (m,mz~ p~m'. m'z) depends on
the coordinate systems chosen for the decays. We make
the standard choice of the y axis as the normal to the
production plane (n= a&&c) and the s axis for the decay
of c as the direction of a, as seen in the rest frame of c,
and the s axis for the decay of d as the direction of b,
as seen in the rest frame of d. Then the combined density
matrix can be expressed in terms of the c.m. helicity
amp]itudes as

(m,ms
~ p ~

m', m's) = P d" .x,(P,)d'"„,g, (Ps)
all )

"For more general decays, X=X~ ),~A A~, where A is
given by Eq. (15) of Ref. 18.

FIG. 23. Differential cross section for the reaction E+p —+ E*E*
(E+s vr+P) at 3.0 GeV/c. The data are from Ref. 56. The absorp-
tion parameters are y+=0.110, y =0.055, C+=0.9, C =1.0. The
solid curve represents pion exchange only, with known coupling
constants, gsrc+ -rc'0/4s-= 1.5, (G" +„s-*++)'/4s =0.43. The dashed
curve includes p exchange with coupling constants, fsrr+~ x "o/4rr-
=5, G'I/4~=56. Note that the right (left) ordinate scale applies
to the experimental (theoretical) cross section.

where tP„|P& are the angles of rotation from the helicity
directions to the s axes (see Refs. 18 and 53). Integra-
tion over (8„p.) yields the individual decay correla-
tions" for d, and vice versa. In the experiment at 3.65
GeV/c, " averages over the two azimuths q, and rpq

are performed. The relevant decay distribution then
involves only the diagonal elements of the combined
density matrix.

Before comparing theoretical results with the data
some qualitative observations are in order. Let c be
the p' and d be the E*. If p' decays are chosen with
cosa, =&1, only amplitudes with m, =0 contribute,
and, for small momentum transfers in production, the
familiar Adair analysis implies that the E*decay corre-
lation will be closely (1+3 cos'8d), independently of
the production mechanism. For p' decays such that
cos8, =0, only m, =&1 occur and a different (and
model-dependent) 1V* decay distribution is produced.
For 5* decays with cosod ——&1, only the magnetic
substates md=&-,' occur, while for cos0d=0, md=& —,

'
and &-, contribute with relative intensities of 3:1,
respectively. But the Adair argument does not apply
and nothing general can be said about the p decay
distributions.

The combined density matrix (11)has been calcula, ted
for the reaction vr+p —+ p'iV* at 3.65 GeV/c as a func-
tion of production angle, assuming pion exchange only.
Suitable averages of (9) over momentum transfer
(0&LB 20@,') and decay angles (~cos8,

~

)0.4, ~cos8,
~

(0.4, a.nd similarly for 8~) were made in order to yield
results for comparison with the data. "An effect in quali-
tative and even semiquantitative agreement with ex-
periment is obtained. "For the E~ decay distributions,
the theoretical expressions are W~ 1+2.04cos'8q for
~cos8.

~

&0.4, and W~ 1+0.25 cos'8d for ~cos8,
~

&0.4.
The p' decay distributions are W,-1+6.4cos'8, for
~cos8~~)0.4 and W, 1+2.2 cos'8, for ~cos8d((0.4.
We see that the present model of pion exchange plus
absorption, successful in reproducing the separate p'
and E* density matrices, also gives a satisfactory de-
scription of the existing data on combined correlations.

C. X+p —+ K*¹at 3.0 and 3.5 GeV/c

The production of E* and E~ in the Anal state
(E+7r 7r+p) from E+p interactions ha's been studied at"

55 The experimental results are given in Fig. 16 and Table IV
of Ref. 50. The data seem to show a somewhat larger effect than
calculated. But results at 4 GeV/c LAachen-Berlin-Birmingham-
Bonn-Hamburg-London-Munchen Collaboration, Phys. Rev. 138,
B897 (1965)j indicate smaller changes. Another complication is
the sizable asymmetry seen for both p0 and iV* decays. Tt seems fair
to regard the agreement between theory and experiment as satis-
factory, considering the possibility of biases in the experiment,
on the one hand, and the idealization of the p' and Ã* as long-
lived systems with J'=1 and J= —,

'+ in the theory on the other.
"M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P.

Henri, B. Jongejans, D. Leith, G. Lynch, F. Muller, and J.-M.
Perreau, ProreeCkngs of the Sienna International Conference on
E'lementary Particles, 1963, edited by G. Bernadini and G. P.
Puppi (Societh Italiana di Fisica, Bologna, 1963), Vol. l, p. 189;
also (private communication).



PERIPHERAL PRODUCTION OF RESONANCES

~oo

I.O—

0
I.O

I

0.9

0.2—

K DENSITY MATRIX

Cos8

I

0.8 0.7

K p(m andp)K N
+

3.0 GeV/c

3.0 and. 3.5 GeV/c. "Figures 23—28 show a
bt thheory and experiment for the differential
cross sections and the E* and E* densit
these two

an ensity matrices at

with ion ex
se wo energies. The calculations h bave een one

pion exchange only (solid curves) and
'

h
e o pion and p-meson exchange (dashed curves).

The strength of the p-exchange am litude wh

was chosen to i
iu e w osesign

ter mine
o give destructive interference) d

ined using SU6 to relate the E+p E*' an ~pen

was e-

vertices and taking the M1 coupling for ppÃ* from the

+
p(m ond p)K N

3.5 Ge V/c

BL

-0.2—

I.O
0

0.9
Cos8

0.8
I

0.7
I

RePlo 0

N DENSITY MATRIX
+

K p(m and p)K N

3.0 GeV/c

0.2—
~ ~ ~

~sr+

~So 0 ~
I

-0.2—

I

'0.8
Gos 8

0.7

FIG. 24. F*"ensity-matrix elements as fun ctions of production
aa fomR . 5.

s ave e same meaning as in Fig. 23.

E
CI

b 2—

0

I &

\I

I

I

I

I

I

I

I

I

I

I

I

I
I
I

I

I

I.O
I

0.8

Cos 8

1~

\

I i I l l I

0.2 0.4 0.6

~ (GeV/'c)
I I 1

0.9

Rep

0.2—

0
0.9 0.8

Gos 8
0.7

~fas 1

y erentiai cross section for the reaction Z+p ~ Z*N*
a . . m Ref. 57. The meaning

p ng constants are the same as in Fig. 23,
a sorp ion parameters are y =0.10, y =0.05, C =0.99

Rep5,!

-0.2—

0.2—

0 ' '%F
I

0.9
I I I

0.8 0.7
Cos 8

results on E+ —+ E'g*p at the same energy (Sec. IVA).

p aps agree better with the curves calcu-
ate with onl ion ex

ma e between
y p xc ange, no real choice can b

n the diferent calcu1ations" Sim'1 1

e

the shapes of the two the t' 1 d ffcore ica i erential cross

-0.2—

Fzo. 25. S*density-matrix elements as fun ctions of production

Th"u'"' h' ths ave e same meaning as in Fig. 23.

, T. Debaisieux, J. Heughebaert L. P5' F. Grard
~ ~

glindmolders, in Proceedings o the 1Zth henri,g
~

geygy ys jets DN)gg g9g4 (Moscow ]965)
po — g

guishable from those calculatedse ca cu ate with pion exchange alone.



B 444 JACKSON D 0 N 0 H U E G 0 T T F P I E D K E y S E R A N D S V E N S S 0 N

K DENSITY MATRIX

I.O—

I'oo

0
0

~ggy ~ ~

I

0.2
C t

0.4
Q (GeV&c)

t

0.6

K p(m cndp)K N
+

5.5 GeV/c

reaction channels, as inferred from the elastic-scattering
amplitude. Variations in final-state absorption parame-
ters can change the curve in Fig. 29 somewhat, but it
appears that the strength of the exchange force opera-
tive in these reactions does not satisfy the criteria on
which the distorted-wave Born approximation is based.
If this explanation for the discrepancies is correct,
models that incorporate unitarity from the beginning'"
will presumably yield absolute cross sections in better
agreement with experiment.

VII. SUMMARY AND DISCUSSION
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(1) The model successfully describes the reaction
mX~ pX for incident momenta from 2 to 8 GeV/c
(see Figs. 3—7). The differential cross section, in both
shape and absolute value, is well accounted for on the
basis of pion exchange alone.

(2) In the 2—3-GeV/c region the model is in agree-
ment with all the data on EE —+E*E, including the
6' dependence of the decay correlation parameters
(see Figs. 10—14). Vector-meson exchange is necessary
in addition to the known amount of pion exchange.
The two vector-meson coupling constants are deter-
mined from the K+p~ E*p differential cross section

FIG. 27. Same as Fig. 24, but at 3.5 GeV/c, with absorption
parameters as in Fig. 26. The data are from Ref. 57.
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sections are both in reasonable accord with the data.
But the destructive interference between the pion and
p-exchange amplitudes causes an appreciable decrease
in the absolute value of the cross section. At 3.0 GeV/c,
the theoretical cross sections for cose)0.7 are 2.3 mb
(rr exchange only) and 1.2 mb (a- and p). The experi-
mental cross section for this angular interval is roughly
1.0 mb."At 3.5 GeV/c, the two theoretical values, for
LV(0.6 (GeV/c)', are 1.9 and 1.1 mb, respectively.
Clearly the inclusion of p exchange improves the over-all
comparison with experiment.
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D. Unitarity Requirements

%'ithout additional data it is impossible to decide
whether the rough agreement in absolute cross section
produced by adding p exchange to the dominant pion
exchange is significant or merely fortuitous. It seems
probable that this general feature of too large cross
sections in double resonance production can be attrib-
uted to the large values of the pertinent coupling con-
stants (i.e., G* a-rr *, etc.) and the absence in the model
of any enforcement of the requirements of unitarity.
This can be seen by computing the reaction cross sec-
tion for the various partial waves. For the reaction
E+p ~E*Ã* at 3 GeV/c, Fig. 29 sh'ows a comparison
of the partial-wave cross sections with the bound set by
unitarity. For all partial waves the cross section, even
including absorption, lies uncomfortably close to the
bound that represents the total contribution from all
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Fra. 28. Same as Fig. 25, but at 3.5 GeV/c, with absorption
parameters as in Fig. 26. The data are from Ref. 57.

K. Dietz and H. Pilkuhn, Nuovo Cimento (to be published);
D. B. Lichtenberg and P. K. 9/illiams, Phys. Rev. 139, 8179
(1965); see also R. C. Arnold, Ref. 4.
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FIG. 29. Partial-wave cross section, divided by the absolute
unitarity bound (2j+1)n-/q', as a function of x= j+& for the
reaction E+p -+Z*N* at 3 GeV/c. The curves are calculated
assuming only pion exchange. The solid (dashed) curve is with
(without) absorption, the absorption parameters being y+=y
=0.11, C+=0.9, C =1.0. The dot-dashed curve is the bound
inferred from the elastic-scattering data Pi.e., 1—~e"'+~', with
e"'+ given by Eq. (4)j. The solid curve is not shown for x&2.5
because of ambiguities in the low partial-wave amplitudes /the
anomalous terms in Eq. (6)g.

at 3 GeV/c; two sets of solutions are found (see Fig. 9).
The remaining data (i.e., decay correlations and

Kp —+ K*p) do not distinguish between these.
(3) With the vector-meson coupling constants de-

termined at 3 GeV/c, the calculated differential cross
section for K+p-+ K*p at 5 GeV/c is much too broad
(see Fig. 15). Appreciably smaller values of these cou-
pling constants and/or rnodi6cation of the vector-meson
propagator are necessary to 6t the preliminary data.
This failure is symptomatic of the model's inability to
prevent the well-known increase of vector- and higher
spin —exchange amplitudes with energy.

(4) The data on K+p ~ K'N* at 3 GeV/c are well

reproduced assuming p exchange with magnetic dipole
coupling at the pNN* vertex (see Figs. 16 and 17).
Similarly the available results on K p —+s. F*(1385)
are adequately described by E*exchange with the same
coupling (see Figs. 18 and 19).But here too the vector-
meson-exchange mechanism produces an energy de-

pendence of the cross section that disagrees with
experiment.

(5) The model accounts for neither the very periph-
eral nature of the process s.+p —+n'N*, nor the rapid
decrease of its cross section with increasing energy.

(6) The calculations on w+e —+~p, assuming p ex-
change, are in reasonable agreement with existing data.
The surprisingly large value of ppp is reproduced by the
theory. The peripheral model without absorption
gives ppp=0.

(7) The shapes of the differential cross section and
the decay correlations for reactions in which two
resonances are produced (e.g. , s.p -+pN*, KN ~K*N*)
are given satisfactorily by the model with reasonable
choices of final-state absorption parameters. Of special
interest are the combined decay-correlation effects ob-
served in vr+p —& p'N* at 3.65 GeV/c, and accounted
for by pion exchange plus absorption. But for these
reactions the model predicts absolute cross sections
considerably larger than observed in the momentum
range 3—4 GeV/c, a difficulty inherent in the distorted-
wave Born approximation when the coupling constants
become large.

(8) The most clea, r-cut distinction between the ab-
sorptive model and the peripheral model with form
factors occurs in the decay correlations. From the view-
point of the latter model the experimental density
matrices do not, by and large, correspond to the ex-
change of a single particle of definite spin. In contrast,
the modi6cations produced by absorption explain the
experimental decay correlations in many instances
without the need for a mixture of different exchanges.
For example, the theory presented here and in I predicts
correctly the density-matrix elements for sp —+ pp as-
suming only m exchange. V(ere the model without ab-
sorption adjusted to fit the data at, say, 4 GeV/c by
an admixture of vector exchange with suitable form
factors, it would fail to reproduce the differential cross
section at 8 GeV/c. Even more convincing is the large
value of ppp observed in ~ production at 3.25 GeV/c and
in the reaction" w+p~coN: in the p-exchange model
without absorption this matrix element vanishes.
Similarly, the combined correla, tion effects in w+p —& pN*
find a natural explanation in the present model, but
necessitate more complicated exchanges in the periph-
eral model with form factors.

(9) Large, if not total, absorption in the lowest
partial waves of the final state appears to be necessary. "

(10) The shortcomings and ambiguities of the model
preclude reliable determinations of coupling constants.
Apart from the questionable assumptions underlying
the model, important ambiguities stem from the com-
pletely unknown final-state scattering and the simplified
description of the initial- and final-state elastic scatter-

"In view of this, models wherein C &0.5 LM. Baker and R.
Blankenbecler, Phys. Rev. 128, 415 (1962); M. Ross and G. L.
Shaw, Ref. 4j cannot account quantitatively for the data.
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ing in terms of a spin-independent, purely imaginary
amplitude. The incorrect energy dependence of vector-
meson-exchange amplitudes is the most important
shortcoming, and prevents a meaningful determination
of vector-meson coupling constants. "Another difficulty
is the violation (or near violation) of the unitarity
bound in some reactions (e.g. , Ep ~ E*N*).

(1I) The physical assumptions of the model (and
also the mathematical approximations) are most reliable
at small production angles and at energies such that
many partial waves participate in the reaction. Precise
data in this domain would allow definitive tests of
theory.
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A soluble model of SU3-invariant meson-vecton interactions is investigated. ay-p mixing is introduced as
a soluble, symmetry-breaking interaction. Small form-factor effects in this interaction are also treated.
Mass renormalization is carried out to study higher order e6ects in the Gell-Mann —Okubo formula for
mesons. Two new mass formulas for vectons and an equation relating vecton masses to meson masses is de-
rived. Finally, relations between bare coupling constants are studied. The agreement with experiment is
generally good.

1. INTRODUCTIOÃ

' 'N view of the apparent success of the octet version of
~ ~ unitary symmetry (SUs)' ' it is of increasing im-
portance to obtain some understanding for the sur-
prising validity of the Gell-Mann —Okubo mass formula
(GMO formula). '4 It has been derived in first-order
perturbation theory with respect to the symmetry-
breaking interaction, and nothing is known so far about
the behavior of higher order contributions. We there-
fore set up a model which can be solved exactly and
derive mass relations from it.. In order to do this, we
have to decide what kind of symmetry-breaking inter-
action we will choose. There are, of course, several ways
to introduce symmetry-breaking eBects. For reasons,
specified below, we will choose co-p mixing' r for our
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' J. Wess, Nuovo Cimento 15, 52 (1960).
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5 J. J. Sakurai, Phys. Rev. 132, 434 (1963).
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model: (1) Since we do not know the exact type of the
basic symmetry-breaking interaction, co-p mixing will
serve as a good phenomenological description. Even if
the fundamental interaction is of a completely di&erent
nature, co-p mixing has to emerge as an "effective inter-
action. " (2) A more technical reason for choosing co-g

mixing is that it is bilinear in the field operators and
can thus be solved exactly.

The model we propose is an SU3-invariant version of
the Zachariasen-Thirring' " model with &o-p mixing.
In its Lagrangian version, the Zachariasen-Thirring
model is nothing but a restriction on the type of Feyn-
man graphs which have to be summed up. Our results
can therefore be viewed either as the exact solution of a
Zachariasen-Thirring model or as the chain approxima-
tion to a full-fledged theory. In any case they are valid
to every order in the symmetry-breaking interaction.

We will study the interactions of (pseudoscalar)
mesons and vector mesons ("vectons"). Their propaga-
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W. T'hirring, Phys. Rev. 126, 1209 (1962).

"W. Thirring, Nuovo Cimento 23, 1064 (1962).
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