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The one-pion-exchange model, corrected for absorption in the initial and final states, is examined for those
two-body reactions involving the production of high-spin particles. It is found that the inclusion of form
factors brings the theory into agreement with experiment. By consideration of a number of reactions, explicit
expressions for the NEIN* (1238) and m~f vertex function form factors are obtained. It is shown that these
form factors do not require the existence of any as yet undiscovered mesons. Implications of these form
factors in two-pion-exchange calculations are also discussed.

I. INTRODUCTION

. ECENTI-Y, a large number of two-body reactions
at high energy have been quite successfully

analyzed in terms of a simple one-pion-exchange model
corrected for initial- and final-state interactions in the
lower partial waves. The model was first proposed by
Sopkovich' and subsequently discussed by many
authors, notably Gottfried and Jackson, ' Ross and
Shaw, ' and Durand and Chiu. ' The model is based on
the assumption that for those two-body inelastic re-
actions in which the one-pion-exchange mechanism is
not forbidden by any conservations laws, the partial-
wave amplitudes are given by the expression

J—(+. ,J)1/2T, J,Born(S z)1/2

In Eq. (1), T, ,
f~ B" denotes the Born approximation

to the appropriate one-pion-exchange amplitude of
renormalized phenomenological fieM theory, and 5,, ;~
and S~,f denote the initial- and final-state elastic ampli-
tudes. For clarity we omit indices referring to the
individua, l particle helicities. Equation (1) expresses the
fact that the large-impact-parameter collisions are
dominated by the one-pion-exchange force, since, in the
realm of strong interactions, this is the longest-range
force. We shall refer hereafter to this equation as the
distorted-wave Born approximation (DWBA). It has
been found that this DWBA leads to good agreement
between theory and experiment for a number of re-
actions. The agreement is generally obtained with the
shape of the differential cross section, with the decay
angular distributions of the resonances produced in the
reaction, and with the over-all magnitude of the cross
section. However, there is the following important
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exception. For those reactions in which either of the
final-state particles has spin greater than unity, the
predicted cross section is generally found to exceed the
observed cross section by a factor typically of the order
of 3. It is just this failure of the DWBA that we shall
discuss in this paper.

The plan of the paper is as follows. In Sec. II we dis-
cuss the reactions which have been previously analyzed
in terms of the DWBA. The modifications introduced
by the inclusion of a form factor in the one-pion-
exchange amplitude are given in Sec. III, and the results
compared with experiment. Section IV contains a dis-
cussion of the form factors obtained in Sec. III, and
also some remarks concerning their effect in two-pion-
exchange processes. Our conclusions are summarized in
Sec. V.

II. REVIEW OF PREVIOUS DWBA
CALCULATIONS

In Table I we present some of the more relevant
results of previous analyses in terms of the DWBA.
Before discussing our modifications to the DWBA, we

briefly review the results referred to in this table.
The first reaction, irP —~ pP, was one of the original

processes to be studied in terms of the DWBA. It was
found that good agreement was obtained provided that
one assumed a somewhat larger pp cross section than is
observed in irP scattering. It is worthwhile to point out
here that such a behavior need not be considered a
failure of the DWBA but in fact might be expected on
the basis of the multiperipheral model of Amati, Fubini,
and Stanghellini (AFS).' In their model the absorptive
elastic amplitude is calculated by summing over all
two-pion-exchange ladder diagrams. In irP scattering
the dominant type of process is expected to be that
shown in Fig. 1(a). In pp scattering, two varieties of
diagrams may be expected to dominate; they are those
with a z at the top rung and those with an ~ at the top
rung (Fig. 1(b)j. Since the elastic absorptive con-
tributions necessarily interefere constructively, we may
thus expect the pp cross section to exceed the irp cross
section. Analyses of p photoproduction data at a few

D. Amati, S. Fubini, and S. Stanghellini, Nuovo Cimento 5,
896 {1962).
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TABLE I. Predictions of the DWBA for a number of reactions.
In each case E*refers to the pion-nucleon resonance at 1238 MeV.
References to the experimental works are given with the theo-
retical analyses quoted below. References marked with an
asterisk denote DWBA calculations done in the older impact-
parameter integral formalism. References without an asterisk
denote exact partial-wave summation calculations. Note that in
some cases use of partial-wave sums instead of the impact-
parameter representation causes a reduction by as much as 50'P0
in the forward differential cross section. This point is discussed in
Ref. 16.

P

Reaction
Accuracy of
the DWBA

Range of
incident
momenta References
studied to DWBA
(Bev/c) calculation

~p ~pp
~p —s pW+

pp -+ pp thigh partial
waves onlyg

good
2 times too large

good

2-8
4, 8
(1

b (a) (b)

FIG. 1. Typical two-pion-exchange ladder diagrams contributing
to elastic scattering; (a) for op scattering, (b) for pp scattering.

p&~+

pp ~ nN*++
2-3 times too large

2 times too large
without extra
absorption

at least 5 times too
large

good
2 times too large

good
probably too large
2—4 times too large

3-15 f, g+

5.5 h

3.25-7

2—5
3, 3.5

2-4
2-4
4—10

' Reference 2.
b Reference 3.
& Reference 15.
d J. D. Jackson, Rev. Mod. Phys. 37', 484 (1965).
& G. Breit, Rev. Mod. Phys. 34, 766 (1962).
f Reference 25.
I B. Margolis and A. Rotsstein, Nuovo Cimento 45A, 1010 (1966).
h Reference 11.
'B. E. Y. Svensson, Nuovo Cimento 39, 667 (1965).

& J. H. Friedman and R. R. Ross, Phys. Rev. Letters 16, 485 (1966).
& Reference 17.
& G. Kramer and K. Schilling, Z. Physik. 191, 51 (1966).
m Reference 16.

S. D. Drell and g. S. Trefil, Phys. Rev. Letters 16, 552 (1966);
16, 832 (1966).

' Mare Ross and Leo Stodolsky, Phys. Rev. 149, 1172 (1966).

BeV have led Drell and Trefil, ' and Ross and Stodolsky, 7

to a similar conclusion. The second reaction, rrp —+ pN*,
has been observed at several energies and in each case
it is found that the DWBA prediction exceeds the ob-
served data by a factor of the order of 2. Moreover,
there appears to be a tendency for the predicted produc-
tion angular distribution to exhibit somewhat less
forward peaking than that which is observed.

Next we review the results on the proton-proto&-
induced reactions. The first of these, namely, elastic
scattering, provided one of the early determinations of
the pion-nucleon coupling constant. In this case just
the high partial waves at relatively low energies were
fitted by the one-pion-exchange force. In this respect
we should note that in these proton-proton reactions
many of the multi-pion resonances may be exchanged as
well as the pion itself, and that these other one-particle-
exchange mechanisms may contribute significantly to
the long-range part of the interaction, especially at
higher energies. For instance, it has previously been
pointed out that the energy dependence, sign, and

do (pp ~ nN*++)/do (pp ~ pN*+) =3. (2)

However, a comparison of the observed data suggests a
ratio considerably larger than this, with the result that
the DWBA is in closer agreement with the data for the
reaction pp ~ nN*++ than it is for pp ~ pN*+. Further
experimental data on these reactions would be of con-
siderable interest. In this respect it may be worthwhile
to remark on the diferent experimental techniques that
have been used in studying these two reactions. In the
reaction pp~nN*++ the decay products of the N*
were observed. In the reaction pp —+ pN*+ in all cases
the (scattered) proton momentum spectrum has been
observed, from which the desired cross section may be
deduced. However, this latter procedure involves a
large background subtraction which may account, at

s P. C. M. Yock, Ph.D. thesis, M.I.T., 1965 (unpublished}.' j.I. Saknrai, Phys. Rev. Letters 16, 1181 (1966)."Here s and t denote the customary Mandelstam variables and
p; is the projectile momentum in the center-of-mass system.

"G. Alexander, B. Haber, A. Shapira, G. Yekutieli, and E.
Gotsman, Phys. Rev. 144, 1122 (1966).

magnitude of the rea1 part of the forward elastic proton-
proton amplitude at high energy (10-30 BeV/c) are all

consistent with the behavior that would result from the
exchange of vector mesons. '' However, the energy
dependences of the inelastic proton-proton induced re-
actions listed in Table I are observed to follow closely
the law obtained with pion exchange, namely, do/d

~
t

~

= f(t)/sp, '." Thus we assume the vector-particle ex-

change contributions to these reactions are negligible at
the energies of the presently available data. The first
of these inelastic reactions, pp~ pN*+, has been ob-
served by a number of groups over a wide energy range
and the data are some two to three times smaller than
the DWBA predictions. Further, the observed produc-
tion angular distributions are significantly more peaked
than the predicted ones. As noted in Table I, the reac-
tion pp ~ N*++n has been studied by Alexander et al."
at 5.5 BeV/c. Independently of any model, isospin con-
servation requires that
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Fro. 2. Comparison be-
tween the data of (Aachen-
Berlin-Birmingham-8 onn-
Hamburg-London (I.C.)-
Munchen Collaboration,
Phys. Rev. 1M, 89t (1965)],
and the DWOPE predic-
tion for the reaction m+p —+
p'E*++ at 4 BeV/c. The
absorptive parameters are
given in the text. The form
factor cutoff is chosen to
be 18m~'.

Vertex Coupling

Corresponding
(partial)

Strength decay width
(g2/4~) in MeV

p~op

p ~+K*++
+~-p0

X+m' K'+

(g'/~~)UCW*) U(p) p (~)
2ge(p) p (/t.)
2g (&*) p( )
(g/~~)~apple (~)~ (V)p (~)p (~)
(4./ I)p.(- )"~(f)p~(=)

14.5
0.38
2.0
1.5

4.4/137
2.1

~ ~ ~

125
100
30

1

80

TABLE II. The couplings of the various amplitudes. In the
table, U denotes the spin-~ spinor, U is the spin- —,

' spinor, a is
the transverse spin-one polarization vector, e~& is the symmetric
traceless transverse spin-two polarization tensor, and e p~q is the
completely antisymmetric fourth-rank tensor.

least in part, for the discrepancy between the data for
the two reactions. Finally, we mention the double-
isobar production in pp collisions. In this case, with the
insertion of extra absorption in the final state, the
DWBA was found to exceed the observed data by a
very nearly constant factor of 5.

The kaon-induced reactions mentioned in Table I
have been analyzed in terms of a DWBA in which p
exchange as well as ~ exchange is included in the basic
interaction mechanism. The inclusion of the p exchange
amplitude does not greatly effect the results for near-
forward production" and for these events the DWBA
with pion exchange only gives reasonable agreement
for E*T production but overestimates the E*S*
production.

Referring to the photoproduction processes appearing
in Table I, we mention the following facts. First, al-
though the DWBA is in reasonable agreement with
observations for the reaction yp ~ /dp, the statistics of
the presently available data are severely limited, so that
a detailed comparison between theory and experiment
is not yet possible. The double resonance photoproduc-
tion process, yp ~coÃ*, has not yet been observed.
However, we may place an upper limit on its cross
section at a few GeV. For the total cross section for
&P —+ anything is observed" to be about 80 /ab, from
which we may subtract at least 25 pb corresponding to
photo-p production and other identified processes. Thus
we obtain a generous upper limit of at most 55 pb for
the process yp —+ o/E*. It turns out however, that the
DWBA gives a cross section precisely of this order (see
Fig. 14), so that we conclude that this model over-
estimates this reaction also.

Further discussion of these results will be given in the
following sections. Summarizing the preceding discus-
sion, though, we see that the DWBA consistently over-
estimates those reactions in which particles of high
spin are produced. Moreover, the overestimation is
greatest when two high-spin particles are produced.

Further, there appears to be a tendency for the DWBA
to underestimate the forward peaking observed in
these reactions. We mention also that, where data
are available, the decay angular distributions are in
reasonable agreement with the DWBA predictions.

where

J—(g, .J)1/2T, J,OPE(g J)1/2

T;,f E—— T;,t PE(t)n (Q)dQ,

III. ABSORPTIVE ONE-PION-EXCHANGE
MODEL WITH FORM FACTORS

It is, of course, well known that for physical scattering
values of the momentum transfer the Born amplitude,
T;,f ""(t), may not provide a reliable approximation
to the exact one-pion-exchange (OPE) amplitude,
T; P~E(t). For the exact amplitude, which is the
product of the pion propagator and two vertex func-
tions, is known only at the unphysical scattering value
of t=ns '. Away from the pion pole one may define a
form factor F (t) by equating the exact amplitude to the
product F(t)T, ,

tn" (t). It is then commonly assumed
that this form factor does not diRer greatly from unity
for

i
t

i
& 1 (BeV//c)', since there are no states of low mass

known to be strongly coupled to the pion. The inclusion
of such slowly varying form factors in DWBA calcula-
tions has a relatively minor effect. This follows because
such form factors affect the low partial waves only, and
these are already damped by the initial- and final-state
absorptive factors. However, the discrepancies between
theory and experiment discussed in Sec. II are not large,
so that we now wish to examine in some detail the
exact nature of the form factors required to bring the
theory into accord with the data for high-spin resonance
production. We assume that, in contrast to Eq. (1),

i2 This follows as a result of the heaviness of the p compared
to the x. See also J. H. Friedman and R. R. Ross, Phys. Rev.
Letters 16, 485 (1966).

"Cambridge Bubble Chamber Group, Phys. Rev. 146, 994
(1966).

with

T' t'"(t)= T' f"*"(t)F(t)

F(//t. ') = 1. (6)
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TAsi.E III. Initial-state absorption parameters used in the
distorted-wave calculations, We d&sregard both the slight energy
dependence and small real parts of the elastic-scattering
amplitudes.

10
I

P
0 NW++

(8 BeV/c)

Initial
state

~p
pp
K+I
vp

0.76
1.0
0.55
0.0

Js.t
(F)

0.8
0.83
0.7

Calculations based on Eq. (3) shall be referred to as the
distorted-wave one-pion-exchange model, (DWOPE).
Note that such calculations have been performed pre-
viously by many authors, notably Ross and Shaw, '
Bander and Shaw, '4 Jackson et al. ,

's Hogaasen et al. ,ts

and Maor and Yock."
From Table I it is immediately apparent that to ob-

tain agreement between theory and experiment we must
include form factors associated with the N~X*(1238)
and ~s.fo vertices only. For ease of calculation it is con-

venient, though not necessary, to assume a form factor
of the form

F (t) = (m '—m ')/(mP —t),

where m. is an energy-independent "cutoff" mass. The
couplings appropriate to the various vertices appearing
in the calculations are tabulated in Table II. Calcula-
tional techniques for handling the form factor—inclusive

analyses have been given elsewhere. '~ We merely point
out here that the present calculations are based on
partial-wave summations (typically for t to 100) as

opposed to the commonly used impact-parameter
integral method. The absorptive factors are parameter-
ized in the usual manner:

FIG. 3. The reaction
~+p —+ p'lit*++ at g BeV/c
The solid (broken) curve
is the prediction of the
DWOPE (DWBA) model,
with parameters unchanged
from those of Fig. 2. The
data is from the Aachen-
Berlin-CERN Collabora-
tion, Phys. Letters 19, 608
(1965).

1.0

0.1—

0.01—

I I

0 .2 .4 .6 .8
Itl ( Be'I//c)

Pl, 't

~2

I 4(. I
vr p+pN

(3.65 BeV/c)

A. esP-+ 9N*

In this case, good agreement with the data, as shown
in Figs. 2 and 3, is obtained with the cutoft set at
m, '= 18m '. The p and S*spin-density matrix elements,
as functions of momentum transfer, are given in Figs. 4
and 5. For comparison the DWBA predictions are
included. As expected the DKOPE density matrix
elements are generally closer to the pure OPK pre-
dictions, although there is still a substantial deviation.
The agreement between the data, which are given
with the figure captions, and the DWOPE model is
satisfactory.

S;,~= 1—a; exp[—(J J; /P;&~)'5,—

sf f~= 1—at exp[—(J ~--/pf'Rf) 5.
(g)
(Sb)

where pt denotes the final-state center-of-mass mo-

mentum. J;„=~ for pion-, photon-, and kaon-induced
reactions and =0 for proton-induced reactions. The
parameters a; and E; are obtained by analysis of ap-
propriate elastic-scattering data (see Table III). For
the final-state absorptive parameters we adhere to the
following convention throughout this paper:

ay=1, Rf=E, .

P&o o

I p
Pl,-l

1 I

~4

(8eV/c)

.6

The results do not depend too sensitively on the values
of these parameters. We now examine, in terms of
the DWOPE model, reactions involving N* and f'
production.

"M. Sander and G. L. Shaw, Phys. Rev. 139, 3956 (1965).
'~ J. D. Jackson, J. T. Donohue, K. Gottfried, R. Keyser, and

S. E. Y. Svensson, Phys. Rev. 139, B428, (j.965).
"H.Hogaasen, J.Hogaasen, R. Keyser, and B.E.Y. Svensson,

Nuovo Cimento 42, 323 (1966).
aor and P. C. M. Yock, Phys. Rev. 148, 1542 (1966).

Fio. 4. p spin-density matrix elements in the reaction m-p ~ pE*
at 3.65 BeV/c. The solid curves are the predictions of DWOPE
model, and the broken curves are those of the DWBA. I G. Gold-
haver, in Lectures in Theoretico/ Physics, edited by W. E. Brittin
and L. Marshall (University of Colorado Press, Boulder, Colorado,
1965), Vol. VII B, p. 343(, reports the following experimental
values for the density matrix averaged over 0& (t~ &20m ".
(pz, &)=0.14&0.02, (pz, q)= —0.003&0.04, and (Repy p)= 0.044
&0.03. Note that these p spin-density matrix elements refer to
that p rest frame with s axis along the incident m momentum. In
each of the following reactions the spin-density matrix elements
will be given in the analogous reference frame appropriate to the
one-particle-exchange mechanism.
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3 and 3.5 BeV/c.""As shown in Figs. 10 and 11 the
data for the E*and 37*
3.5BeV car ' '

e
37 spin-density matrix elements ta

c are in good agreement with the th Ae eory. t
e /c e agreement was found to be satisfactory.

The experimental cross section at 3 8 V h
ig. , is in good agreement with the predicted cross

i erential crosssection. At 3.5 BeV/c the DWOPE diRer
section, as shown in Fig. 13, appears to be too small by
a constant factor of about ~3. In this case the DWBA

equall ood fi
ro en curve, gives an

equa y good fit to the experimental cross section. Note
that in all cases we have set m '=18
exchange term is not included. The cross sections in

igs. 12 and 13 are normalized to the following char e
mode: K+p ~K*'N'++ +K+7—r 7r+.

0
I

~ 2 .4
ltl (BeV/c)

Fzc. ~ ~

y
'

elements in the reactionspin-density matrix clem'
g the curves are the samep a . e c. The meanin of "

in ig. . The experimental values ~G. G
in Lectures in Theoretzcal Ph sics edi dy sc, e ited by W. E. Brittin a d

1965), Vol. VII 8, . 343 i ao . , p. 343$, again averaged over 0&
~
t

~
&20nr ' are

p%%/a, s/s = . + . 3, (Reps)s, %ps) =0.013+0.03, and (Re%%ps, %ps)

D. yp-+ ra¹
In this case only 6nal-state absorption is included,

with af = 1 and Rf=0.8 F. The results with and without

in ig. 14.
~ ~

the form factor are shown for the p fe purpose o comparison

9.0

B. pp —& pNe+ and pp —+ nN*++

Having set the cutoff mass at 18m ' the h
now completely determined for these and the remaining

between th
reactions involving the N*(1238). Th e agreement be-

etween the DWOPK model and experiment h) ass own
igs. —,is satisfactory except for a moderate

deviation from the data for the reaction pp —+ pN*+
(but not for pp —+ eN*++) at the int d'e in erme iate energies.
We remind the reader of the remarks in Sec. II alluding
to these reactions. The X~ densit t '

1
~ ~ ~

ensi y matrix elements are
given in Fig. 9 and are in fair agreement with the values
quoted by Alexander et al."

C. XP —+ K*N*

The predictions of the DWOPK model were compared
with the presently available data for this reaction at

10.0

8.0—

6.0—

4.0—

2.0—

N%++

(5.5 BeV/c)

1.0

0.1

p lob BeV/c

FIG. 6.. Comparison between the CERN data LG.
F. Lil].ethun, y. P. Scanl.on C. A. Stan, tahlbrandt, C. C. Ting, J.

pnE
. . e e e, ys. Letters g, 134 (1964)g, and

pre iction for the reaction pp —+ +X*+ at 8
mrad and intermediate energies. The abso tive
given in the text and th f f i
previous figures, at 18m '.

e orm- actor cutoff iis kept, as in the

I

.95
0

1.0 .80

"F. Gard , r. Debarsreux, J. Heughebaert, L. Pa e and
~ ~

Windmolders, in I'roceedings of the Teufel th Annual I
Conference on High-Energy Ph sics Dubg y»c, D dna, 1Ã4 (Atomizdat,

"MM. Ferro-Luzzi, R. George, Y. Goldschmidt-Cler
Henri 8 Jongejans D L 'th G J. M.ei, . Lynch, F. Muller and

.90 .85
COs 8c.m.

FIG. 7. Comparison between the data of A
{R f 11) dth DWOPE d
at 55 B V/. Th

pre iction for the reaction pp —+ ng*++

those in Fig. 6.
a . e c. The DWOPE model aparameters are the same as
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Fxo. 8. Comparison between the Brookhaven data PE. W.
Anderson, E. J. Bleser, G. B. Collins, T. Fujii, J. Nenes, F.
Turkot, R. A. Carrigan, Jr., R. M. Edelstein, N. C. Hein, T.
McMahon, and I. Hadelhaft, Phys. Rev. Letters 16, 855 (1966),
and the DWOPE predictions for the reaction pp ~ pN*++ at
6, 10, and 15 BeV/c. The DWOPE-model parameters are un-
changed from those in Figs. 6 and 7.

E. ezN~ foN

Data for this reaction are now available at 4,"6,"
8,"and 10 BeV/c."Good agreement as shown in Fig. 15

Rep
212

I 4L I
i ~ I

I Ir—
-0.2

.2
I

4
(BeV/c)

FIG. 10. E* spin-density matrix elements in the reaction
E+p —+ E*N* at 3.5 BeV/c. The absorptive parameters are given
in the text, and the form-factor cutoff is kept, as in the previous
reactions, at 18m '. The data is from Ref. 18. Note that a p
exchange term is not included in the basic interaction mechanism.

0.2 —- ~
~ z

22
0.1

I I

pp ~nN~++

(5.5 BeV/c)

is obtained with the production differential cross section
at 6 BeV/c by setting m.'=18m, s. With this value of
m„ the predicted cross sections at 4 and 8 BeV/c were
found to be in equally good agreement with the data.

0.2
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2I 2

0.4

P11 0.2—

I I+ K'rf Nx

{3.5 8eV/c)
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P3t 0
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Q4—

P11 Q

-04—

eL

I

.85
I
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COS eg~

FIG. 9. N* spin-density matrix elements in the reaction pp —b

nN*++. The curves are the DWOPE predictions and the experi-
mental data those of Alexander et al. (Ref. 11).

ze Aachen-Birmingham-B onn-Hamburg-London (I.C.)-Miin-
chen Collaboration, Nuovo Cimento 31, 729 (1964).' F.Bruyant, M. Goldberg, C. Vegni, S.H. Winzeler, P. Fleury,
J. Hune, R. Lestienne, G. de Rosny, and R. Vanderhaghen, in
Proceedizzgs of the Troelfth ANzzzzal IzzterIzatzozzal Coefereece ol Hzgh
Erzergy Physzcs, Dubma, 1964 (Atomisdat, Moscow, 1965).

~ H. Yuta et al. , in Proceedings of the Thirteenth International
Conference on High-Energy Physics, Berkeley, 1966 (University of
California Press, Berkeley, 1967).

Rept, o

-0.2—
I

0.2
it(

I

0.4
(BeVjc)~

I ~~ I

I—
0.6

FtG. 1.1. N* spin-density matrix elements
E P ~ E 1i" at 3.5 BeV/c. The DWOPE-model parameters are
unchanged from those of Fig. 10 and the data is from Ref. 18.

» M. Wahlig, E.Shibata, D. Gordon, D. Frisch, and I.Mannelli,
Phys. Rev. 147, 941 (1966).



1368 P. C. M. YOC K A N D D. GO'RDON

0.2
I

'
I

(BeV/c)

o.4

K o~K N

(3 BeV/c)

0.6
80

yp ~coN

(3 BeV/c)

Fro. 12. Compari-
son between the data
of Ref. 19 and the
DWOPE prediction
for the reaction

K+p K*oN*++~
E+~ p~+

at 3 BeV/s. The
parameters of the
theory are unchanged
from those in Fig. 10.
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However, at 10 BeV/c the predicted cross section (as
show'n in Fig. 16) exceeds the reported cross section by
a factor of about 2. This figure also shows the DKBA
cross section for this reaction.

Ke remark that for the 10 BeV/c data the fs is
observed by means of its ~'z' decay mode, whereas for
the other data the f' is observed by means of its e.+s-

decay modes. To obtain the experimental f' cross
section it is crucial to obtain a reliable estimate of the
background beneath the f' peak, a subtraction which
was difficult at 10 BeV/c. In data involving the charged
decay of f', two aspects facilitate an, easier estimation of
the required background subtraction. (1) The geometry
of the experiments permitted full 4z solid-angle detec-
tion eSciency. This was not the case in the 10-BeV/c
spark chamber experiment. (2) The familiar p peak is
observed in the 7r+e. histogram to the left of the fs,
which could in principle be advantageous in elucidating
the amount of background. This again is not the case
in the 10-BeV/c data. There, to the left of the f', is a
low-mass 5-wave enhancement stretching from thresh-
oM to about 800 MeV, whose precise cross section

Fro. 14. Comparison between the DWOPE (solid curve) and
DWBA (broken curve) for the reaction yp-+ ruE" at 3 BeV/c.
Note that absorption is included in the final state only, and that
the form-factor cuto8 is set at 18m '. The cross sections are
normalized to a width of 1 MeV for the decay co —+ ~p.

proved dificult to determine. This is due to contamina-
tion (15—40%), in that mass region only, of 3e-' events
in which one 7r' escapes detection. Because of points (1)
and (2) we believe that the discrepancy at 10 BeV/c
cannot be taken as a serious argument against the
DWOPK modej.

Density matrix elements are given in Fig. 17. Present
published data on these decay parameters are too poor
to enable a definitive distinction to be made among the
predictions of the DWOPK, DKBA, and the pure OI'E
model. This is again related to the problem of back-

IO—

7t+ n —f'p

(6 BeV/c)

I.O—

2—

.2
(BeV/c)

.4
K+ m K+N3E

(3.5 SeV/c)

0.8

I'zG. 13. The reac-
tion K+p~ X~037*++
-+E+x pm+ at 3.S
BeV/c. The solid
(broken) curve is the
DWOPE (DWBA)
prediction and the
data are from Ref.
18.

0.0I, I I I I

O. O, I 0.2 03 0.4 0.5 0.6 0.7
f t I ( B.eV/c) ~

FIG. 15. comparison between the data of Ref. 2 1 and the
DWOPE prediction for the reaction s p -+ /oe at 6 BeV/c. The
absorption parameters are given in the text and the form-factor
cutoG is set at 18m '. The normalization of the data is taken from
Ref. 16.
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Fxo. 16.The reaction s. p ~ f'n at 10BeV/c. The solid (broken)
curve is the prediction of the DWOPE (DWBA) model, with
parameters unchanged from those of Fig. 15. The data are from
Ref. 23.

FIG. 18. The forward differential cross section for the reaction
v+p -+ p'X ++ at 6 BeV/c in a DWOPE model with a step-func-
tion form factor as given in Eq. (10). Note that, at 6 BeV/c,

I
t

I e 0' =2',s.
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rr- P f'n
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ground. This is indicated in the 8 BeV/c data of Yuta
et a/. 22 in which p~~, a parameter which must be positive-
definite, is negative. (For ItI &0.3 BeV/c' they obtain
pss

———0.17+0.04.)"

IV. DISCUSSION
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The first point to be made concerning the preceeding
analysis concerns the range of t values over which the
form factor, Eq. (7), with m s set equal to 18m, ' for
both the Xs.S* and m7rfs vertice. s, may be considered
to have been reliably determined in terms of the
DWOPE theory. We have already remarked that since
the insertion of absorption reduces the lower partial-
wave amplitudes, the form factor will have little effect
for large

I
tI. To see this quantitatively consider the

reaction rr+p~ p'E~++ and, instead of inserting the
Ferrari-Selleri form factor, Eq. (7), insert a step func-
tion form factor

(10)

The forward differential cross section so obtained (at
6 BeV/c) is shown in Fig. 18 as a function of m, s. From
the figure it is apparent that for

I
t

I
& 7m ' the absorp-

tive OPE model is insensitive to the inclusion of form

FIG. 17. f spin-density matrix elements in the reaction
s. p ~ f'I at g BeV/c. The solid (broken) curve is the predictions
of the DWOPE (DWBA) model. The DWOPE-model parameters
are again unchanged from those in Fig. 15. (Density matrix
elements from preliminary data I K. W. Lai and J. M. Scarr
(private communication) j, at 6 BeV/c appear to be in better
agreement with the DWBA predictions than the DWOPE pre-
dictions. However, as in the data of Yuta et at at g BeV/c, p~s.
becomes negative due to background effects, thus precluding a
definitive distinction. We further mention that the 8-BeV/c data
(Ref. 22) are in fair agreement with pop but not with any other
matrix element. }

Fxo. 19. Typical
triangle Feynman
diagrams which in-
clude a xp intermedi-
ate state, contribut-
ing to the physi-
cal E~S* and 7I-m. fo
vertices.
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Fzo. 20. Two-pion-exchange processes contributing
to pion-nucleon charge-exchange scattering.

factors. We thus conclude that the form factors take the
values

F~ ~*(t)~F y(t)~(18/19) (1+t/18m ') (11)

for 0& —t&7m '. Outside this range of t values no
information on these form factors can be gotten from
the DWOPE model. Thus the analytic structure, F(f)
= (m '—m ') (m, '—t) ', used in the calculations by no
means implies the existence of a T=1 pseudoscalar
meson at a mass around 600 MeV.

In this respect we mention that many triangle
Feynman diagrams may be expected to contribute to
the full XsX* and vr7rfs vertices. Of these, two typical
ones are shown below in Fig. 19.However, following the
prescription given by Landau et al. ,

'4 it was found that
none of the triangle diagrams involving a xp inter-
mediate state has an anomalous threshold.

A number of other approaches to the problem of the
failure of the DWBA in reactions involving high-spin
particles were examined. First, the straightforward
insertion of extra absorption beyond that suggested by
elastic-scattering data was considered. However, this

approach may be criticized on the grounds that the
absorption radii R, and R~ are required to be 1.5 F to
bring the DWBA predictions down to the observed

data, and this range is about as great as that of the one-

pion-exchange interaction itself, which does not give
rise to absorptive scattering. ""Moreover it is not
obvious how a strong correlation could exist between

spins of resonances and the widths of their elastic-
scattering diffraction peaks. On the other hand, form-

factor effects may well be most apparent in high-spin
resonance production, since the Born amplitudes for
such reactions depend strongly on the spins of the
particles involved.

Durr and Pilkuhn" have given a prescription for
calculating at least a part of the vertex functions, arising

solely from kinematical factors. However, the vertex
functions we have found to be necessary are con-

siderably more damped than those obtained by Durr
and Pilkuhn. In this respect we mention the well-known

method of Ferrari and Selleri, '~ which involves no
absorption but very strongly damped (m.' 6m ') form

factors. We believe the present DWOPE method may
be preferable because of the less violent character of the

"L.D. Landau, Nucl. Phys. 13, 181 (1959).
"P.C. M. Yock, Nuovo Cimento 44, 777 (1966)."H. P. Durr and H, Pilkuhn, Nuovo Cimento 40A, 899 (1965).
"E.Ferrari and F. Selleri, Phys. Rev. Letters 7, 387 i1961l.

See also E. Ferrari (to be published). In this paper the author
raises criticism against the absorption model.

form factors used in the latter model, and also because
of the signihcant departure observed in the various
final-state resonant decay distributions from those
predicted by the pure OPE mechanism.

Further indirect evidence for the necessity of includ-
ing these vertex-function form factors is provided by a
consideration of the absorptive part of the 7r p charge-
exchange amplitude, which is known experimentally. A
major contribution to this amplitude may be expected
to arise from the two-pion-exchange (TPE) process
depicted in Fig. 20(a). Note that one-pion exchange is
forbidden in this process. The absorptive part of the
TPE diagram may be calculated by the method pro-
posed by Maor and Yock. '~ However, this procedure
leads to a result which, without the inclusion of form
factors, exceeds the observed amplitude by a factor of
the order of 5 at projectile momenta of a few BeV/c.
Moreover, the predicted absorptive amplitude is of the
wrong sign. It is then not apparent which diagrams
could cancel the contribution from the diagram. How-
ever, if one includes the previously determined EarÃ*
form factor, the amplitude becomes comparable, in
magnitude, to that which arises from the analogous
TPE diagram shown in Fig. 20(b), with a proton at the
bottom rung. Thus, since the latter diagram gives a
contribution of the opposite sign to that of the former,
we obtain the result that the two leading contributory
TPE diagrams partially cancel. One is then lead to con-
sider, as dominant interaction mechanisms, exchanges
of heavier systems such as 4 m's and p's. These inter-
action mechanisms have relatively short interaction
ranges, so that a somewhat broader differential cross
section might be expected to result. Qualitative evidence
supporting this reasoning is indeed provided by the
rather Oat shape observed in the differential cross section
near the forward direction. "Further details of these and
other TPE calculations will be published elsewhere.
Note, though, that a similar cancelation also occurs in
the leading TPE contributions to the reaction s. p —+ a&m,

for which the observed differential cross section shows
very little peaking.

V. CONCLUSIONS

As shown in Table I, the absorptive one-pion-
exchange model (without form factors) consistently
overestimates the production of particles of spin greater
than unity. Moreover, for each process, the actual
amount of overestimation appears to be approximately
proportional to the number of vertices containing high-
spin particles. The theory may be brought into agree-
ment with experiment by the inclusion of momentum-

"G. Backenstoss, B. Hyams, W. Manner, A. Reale, and U.
Stierlin, Nuovo Cimento 47, 814 (1966); I. Mannelli, A. Bigi, R.
Carrara, M. Wahlig, and L. Sodickson, Phys. Rev. Letters 14, 408
(1965); A. V. Stirling, P. Sonderegger, J. Kirz, P. Falk-Vairant,
O. Guisan, C. Bruneton, P. Borgeaud, M. Yvert, J. P. Guillaud,
C. Caverzasio, and B.Amblard, ibid. 14, 763 (1965).Each of these
groups reports a flat differential cross section for (t ) (Sm '.
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transfer-dependent vertex-function form factors. Form
factors so obtained for the XwÃ*(123g) and ~ufo
vertices are given in Eqs. (11)."

"Note that in most of the reactions discussed in this paper,
better fits to the data may be obtained by slight adjustment of
the absorption and form-factor parameters. However, the inter-
pretation of these modifications is ambiguous. Moreover, we
believe that the present status of experimental and theoretical
knowledge concerning these reactions is insuKcient to warrant
such refinements of the model.
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In this paper, the asymmetry in the decay of the p meson produced in the reaction 7r +N ~p+N is
studied in terms of interference eGects due to the coherent production of pairs of pions in other isospin states.
The hypotheses of a p-s (s-wave, T=0 pion pair) interference, a constant s-s phase shift, and other mecha-
nisms are studied. The theoretical predictions resulting from these models are compared with recent experi-
mental results on the decay of the neutral and charged p meson.

I. INTRODUCTION

HE asymmetry' which is observed in the decay
of the neutral p meson has led to considerable

speculation about the T=O, s-wave pion-pion phase
shift. Vavious hypotheses have been suggested to ex-
plain this phenomenon. One explanation' assumes a
resonance with a mass and width approximately of
that of the p meson; this resonance is known as the e.
A second hypothesis'4 has the s-wave phase shift
going down through w/2 at a dipion mass of approxi-
mately 0.76 BeV, while skeptics have suggested that a
constant phase shift might be a simpler explanation.
New experimental results' ' with much improved

*This work is partially supported by the U. S. Atomic Energy
Commission and the National Science Foundation.

~ I. Derado, V. P. Kenney, J. A. Poirier, and W. D. Shepard,
Phys. Rev. Letters 14, 872 (1965);R. Birge, R. Ely, T. Schumann,
Z. Guiragossian, and M. Whitehead, in Proceedings of the Inter-
national Conference on High Energy Physics, DNbna {1964),
(Atomizdat, Moscow, 1965).p. 153.

' L. Durand and Y. Chiu, Phys. Rev. Letters 14, 329 (1965);
14, (E) 680 (1965).' G. F. Chew, Phys. Rev. Letters 16, 60 (1966).

4 L. F. Cook, Phys. Rev. Letters 17, 212 (1966).' D. H. Miller, L. Gutsy, P. B. Johnson, F. J. Loefner, R. L.
McIlwain, R. J. Sprafka, and R. B. Willmann, Phys. Rev. 153,
1423 (j.967).

s D. R. Clear, T. F. Johnston, J. Pilcher, J. D. Prentice, N. R.
Steenberg, K. West, T. S. Yoon, W. A. Cooper, W. Manner, L.
Voyvodic, and W. D. Walker, Nuovo Cimento (to be published).

statistics are now available making a more detailed
theoretical study worthwhile.

Such a comparison requires a model for p and e

production (for convenience we shall refer to a T=O,
s-wave pair of pions as an e whether or not they are in
a. resonant state). We shall use the absorptive periph-
eral model with one-pion exchange (OPE), as described
in Sec. II.

In this paper, we shall study the decay of the neutral
p meson in terms of the p-c interference, and compare
various theoretical predictions for the s-wave phase
shift with the new experimental results. This is done in
Sec. III. Ke shall also consider the effect of T= 2 dipion
production on the asymmetry of both the neutral and
the charged p decay.

II. GENERAL FORMALISM

The absorptive peripheral model with OPE has had
many successes, in particular in explaining the pro-
duction cross sections and the spin-density matrices
for p production. 7 It should be remarked here that in
such production processes the exchange pion is always
off the mass shell. Thus, any phase shift deduced from

7 For a detailed study, see J. D. Jackson, J. T. Donohue, K.
Gottfried, R. Keyser, and B. K. Svensson, Phys. Rev. 139, 8428
(1965).


