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We report a study of the reaction T++p —> iVr33*+++7r° at 3.54 BeV/c. We find very good agreement be­
tween the angular correlations observed in the decay of the iV33* and the predictions by Stodolsky and 
Sakurai based on a single-p-exchange model. The reaction K+-\-p —> iV"33*

+++i^0 has been found to display 
similar angular correlations, in agreement with the single-p-exchange mechanism. But we want to point 
out that the measured cross sections of both reactions decrease rapidly with increasing incident momentum, 
in contradiction with the results derived from a simple-p-exchange model as used, for example, by Jackson 
and Pilkuhn. 

INTRODUCTION 

^ T ^ H E reactions 

7r++^->7V33*+++7r° 
and 

K++p -> NM*+++K° 

(1) 

(2) 

are very suitable to study the p-meson-exchange mecha­
nism. Parity conservation forbids the w (or -q) exchange 
mode and isotopic-spin conservation forbids an 1=0 
meson-exchange mechanism (rj or co). Furthermore, the 
fact that the outgoing meson has no spin simplifies the 
theoretical predictions. Stodolsky and Sakurai,1 who 
use a single-p-exchange model £Figs. 1(a) and 1(b)] 
in which the vertex p+pN* behaves like an Ml —> pz/2 
electromagnetic transition in accordance with the 
"p-photon analogy," have made predictions on the 
angular correlations in the decay of the Nzs¥++. The 
reaction (2) has been found to display these predicted 
angular correlations at different energies.2-4 We present 
here the study of the reaction (1) at 3.54 BeV/c. We 
also want to compare the measured cross section of 
both reactions (1) and (2) at different incident energies 
with the results derived from a single-p-exchange model 
as used, for example, by Jackson and Pilkuhn.5 

EXPERIMENTAL PROCEDURE 

After analyzing about 7000 two-prong events from 
a 7T+ exposure at 3.54 BeV/c in the Brookhaven 20-in. 

f Work done under the auspices of the U. S. Atomic Energy 
Commission [Contract No. AT (11-1) GEN 10, Project Agree­
ment No. 10]. 

* On leave of absence from the Laboratoire de Physique 
Atomique et Moleculaire, College de France, Paris. 

*L. Stodolsky and J. J. Sakurai, Phys. Rev. Letters 11, 90 
(1963); see also B. Jouvet, J. M. Abillon, and G. Bordes, Phys. 
Letters 6, 273 (1963). 

2 B . Kehoe, Phys. Rev. Letters 11, 93 (1963). 
3 S. Goldhaber, Proceedings of the Athens Topical Conference on 

Recently Discovered Resonant Particles (Ohio University Press, 
Athens, Ohio, 1963), p. 92; G. B. Chadwik, D. J. Crennell, W. 
T. Davies, M. Derrick, J. H. Mulvey, P. B. Jones, D. Radojicic, 
C. A. Wilkinson, A. Bettini, M. Cresti, S. Limentani, L. Perazzo, 
and R. Santangelo, Phys. Letters 6, 309 (1963). 

4 M. Ferroluzzi, R. George, Y. Goldschmidt-Clermon, P. 
Henri, B. Jongejans, D. Leith, G. Lynch, F. Muller, and J. M. 
Perreau, Proceedings 1963 Siena International Conference on 
Elementary Particles, 1963 (to be published). 

5 J. D. Jackson and H. Pilkuhn, CERN (to be published). 

hydrogen bubble chamber, we identified 

2400 events as ir++p -^ ir++p, (3) 

1024 events as ir++p -> 7r++^+7r°, (4) 

732 events as w++p -+ 7r++7r++ n. (5) 

The remaining events are mostly 

T++p —> x + + ^ + 2 or more neutral (6) 

or 
T++p•—> 7r++7r++2 or more neutral. (7) 

The detail of the beam has been described elsewhere.6 

We use the PACKAGE computer program (combina­
tion of PANG and KICK programs) for the track-recon­
struction and fitting process. An event is considered 
to fit reaction (3) when it has X2< 20.0 for this reaction. 
I t is considered to fit reaction (4) or (5) when it does 
not fit reaction (3) and when it has X 2 <5.5 for either 

FIG. 1. p-exchange mechanism for isobar production: (a) for reac­
tion TT++P -* NM^+TO, (b) for reaction ir++p -> iy88*+++X°. 

reaction. A track ionization examination on the scanning 
table helped to resolve many (but not all) ambiguous 
events. In particular, about 5 % of the reaction (4) 
events can also fit the reaction (5) and about another 
5 % of the reaction (4) events can be events from re­
action (6). 

Using a known total cross section7 of 28.6± 0.46 mb, 
we have deduced the partial cross sections for the 3 
reactions at 3.54 BeV/c to be 

a-(7r++^->7r++^)= :4.86dz0.5 m b , 
<r(w++p -> 7r++^+7r°) = 2.05db0.2 m b , 
o-(7r++^->7r++7r++^)=1.48zb0.15 mb . 

6 C. Baltay, J. Sandweiss, J. Sanford, H. Brown, M. Webster, 
and S. Yamamoto, Proceedings of the High Energy Instrumentation 
Conference, CERN, 1962 (North-Holland Publishing Company, 
Amsterdam, 1962). 

7 M. J. Longo and B. J. Moyer, Phys. Rev. 125, 701 (1962). 
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FIG. 2. (a) Dalitz plot of the reaction ir++p —> 7r++^+7r°, 
(b) distribution of Afff

2+p from the reaction n+p —> x+^7r° when 
If^V2 is outside the range of the p+ meson (Mw

+
T*2>0.72 BeV2 

and.MVV2<0.42BeV2). 

The Reaction iz++p -> iY3 3*+ ++^0 and 
the p-Exchange Mechanism 

To show the existence of the reaction (1), we first 
plot, in Fig. 2(a), the Dalitz plot of the reaction (4). 
One can see the formation of p + around Mv

+
v
o2=0.56 

BeV2 and the formation of Nzz*++ around Mr+P
2= 1.53 

BeV2. In the Fig. 2 (b), we take off the p band 
(0.42 BeV2<M,+

7ro
2<0.72 BeV2) and plot the projec­

tion of the remaining Dalitz plot on the M^v
2 axis. 

This histogram shows a big N^*^ peak above a small 
background. We estimate the cross section of the 
reaction (1) to be 0.20±0.04 mb at 3.54 BeV/c. 

In the following, we discuss only the reaction (1), 
i.e., we use only events with an effective mass Mv

+
P in 

the Nzz***. To avoid the overlap region of Naz*"** and 
p+ , we analyzed the properties of the Nzz*^ resonance 

we ignored all the events on the Dalitz plot having 
0.42 BeV 2 <M T V 2 <0.72 BeV2, and repopulated this 
region with a sample of fictitious conjugated events 
constructed from the remaining events. (These ficti­
tious events represent only 15% of the data.) We plotted 
in Fig. 3(a) the histogram of the angular distribution 
in cosa, where a is the angle between the normal to 
the plane of production and the direction of the TT+ 

from the Nzz^++ decay, measured in the Nzz* rest 
frame. The shaded area represents the contribution of 
"fictitious" events. The solid curve represents the dis­
tribution " 1 + 3 cos2a," normalized to the data. This is 
the prediction by Stodolsky and Sakurai1 using a 
single-p-exchange model [Fig. 1 (a)] in which the vertex 
p+pN* behaves like an Ml—»^3/2 electromagnetic 
transition in accordance with the "p-photon analogy." 
Our data are in very good agreement with this pre­
diction. We plot in Fig. 3(b) the histogram of the 
Treiman-Yang angle 0, where <f> is the angle between 
the decay plane and the production plane in the Nzz* 
rest frame. The shaded area is the contribution from 
"fictitious" events. The solid line represents the dis­
tribution " l + 2 s i n y which can be derived from the 
preceding prediction (1+3 cos2a) assuming that the 
vertex ppN* is pure Ml —» pz/2 transition. Here, also, 
our data agree very well with the prediction. 

In Fig. 4, we plot the distribution of the differen­
tial cross section versus the four-momentum transfer 
(da/dA2) between the incident T+ and the outgoing 7r°. 
Our data peak sharply in the region of small momentum 
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FIG. 3. (a) Angular distribution in cosa, the angle between the 
normal to the plane of production and the direction of the x + 

from Nzz*++ decay measured in the N3$*++ rest frame for the 
reaction ir+-{-p —> iV"33*+++7r°. The curve is 1+3 cos2a, normalized 
to the data, (b) Histogram of the Treiman-Yang angle <f> for the 

nsincr t he method ni Fherharr l nnrl PrmQtein 8 W W P H V reaction ir++p —> iW^- f -x 0 . 0 is the angle between the pro-
usmg me metnoa 01 J^oernara ana rnps tem, wnereby d u c t i o n n l a n e a n d t h e derAV nlaTie nf t h „ ^ *++ mpn(;,irpH ^ i ^ 

8 P. Eberhard and M. Pripstein, Phys. Rev. Letters 10, 351 
(1963). 

duction plane and the decay plane of the Nw*++ measured in the 
rest frame of N3^

++. The curve is 1+2 sin2<£ normalized to the 
data. In both (a) and (b) the shaded area is the contribution 
from fictitious events (see text). 



P - E X C H A N G E M E C H A N I S M I N R E A C T I O N TT + + p -* iV33 * + + + TT° B 197 

transfer. Jackson and Pilkuhn5 have derived the differ­
ential production cross section of reactions (1) and (2) 
assuming a single-p-exchange mechanism with a mag­
netic dipole coupling model. Their formula is similar 
to the Stodolsky-Sakurai formula quoted by Daudin 
et al.9 To make a fit to the momentum transfer dis­
tribution of reaction (2) at 3.0 BeV/c (which has 
almost the same total energy in the center of mass as 
in our case), they must use a form factor of the form 
Fp(0)e~XA2. They get good fits for 

X = 2 . 5 wi th (gP+K+K°2/^)(GPNN*2/4T)\Fp(0)\^3l 

or 

X= 2.0 with (gp+K
+K*/4*) (GPNN**/4T) I Fp(0) J 2= 21. 

Using their formula we get a good fit to our data 
(solid curve in Fig. 4) for 

X=7.0 with (gp^V2/47r)(Gp^*2/4T)|Fp(0)[2=27. 

By dividing the preceding relations, we get a ratio of 
gP

+T+7ro2/gp+K+Ko2 between 0.9 and 1.3, which is not too 
far from 2.0, the predicted value of SU(3). But there 
are two criticisms of the results derived directly from 
p-exchange mechanism as with the Stodolsky-Sakurai 
formula9 or with the Jackson-Pilkuhn formula8: 

(a) One needs very drastic form factors to fit the 
data. The form factors are so rapidly varying that the 
momentum dependence of 1/(A2+MP

2) is completely 
obscured \jr1A2 is almost equivalent to 0.1/(A2+0.1), 
whereas l/(A2+ifp

2)= l/(A2+0.56) with A2 in BeV2]. 
This fact has been pointed out by many authors.5,9 

(b) A stronger criticism is that the measured cross 
sections of both reactions (1) and (2) decrease rapidly 
with increasing incident momentum (see Table I) in 
contradiction with both the Stodolsky-Sakurai formula9 

and the Jackson-Pilkuhn formula5 which predict an 
increasing cross section. In the Stodolsky-Sakurai 
formula9 the cross section is almost proportional to 

TABLE I. Cross section of reaction w+p -» Nzz*+++ir° and 
K+p —» Nzz*++-}-K0 at different incident momentum. 

cos0 

Reaction 

TT+p - * A f 3 3 * + + + 7 r 0 

K+p -* iV33*++ +K0 

a J. Duboc, N. H 
6, 233 (1963); Phys. 

Incident 
momentum 

in BeV/c 

3.54 

1.59 
3.0 
1.96 
1.14 
0.91 

Duong, P. 

Cross 
section 

predicted 
by Jackson-

Pilkuhn 
formula 

0.16 mb 

0.13 mb 
0.8 mb 
0.66 mb 
0.28 mb 
0.08 mb 

Eberhard, R. 
Rev. 133, B220 (1964). 

Experimental 
cross section 

0.2 ±0.04 mb 

1.5 ±0.2 mb 
0.9 ±0.2 mb 
2.7±0.4 mb 
3.6±0.5 mb 
2.1 ±0.2 mb 

George et al., Phys 

Refer­
ence 

number 

This 
paper 

7 
4 
3 
a 
2 

Letters 

FIG. 4. Distribution of momentum transfer between incident 
7r+ and outgoing 7r° of the reaction ir+p —>iV33*++7r°; the shaded 
area is the contribution from "fictitious" events (see text). On 
top we plot the scale in cos0, where 0 is the angle between ir° and 
ir+ incident in the center-of-mass frame. The solid curve is the 
best fit using the "Jackson-Pilkuhn" formula (see text). 

Pi-Pi1 with Pi=momentum of the incident 7r+and P/ 
= momentum of the outgoing 7r° in the center-of-mass 
frame. For the Jackson-Pilkuhn formula,5 we list in 
Table I its predictions for reaction (1) at 3.54 BeV/c 
and 1.59 BeV/c (with X=7.0), and its predictions for 
reaction (2) at 3.0 BeV/c, 1.96 BeV/c, 1.14 BeV/c, 
and 0.91 BeV/c (with X=2.5). We also list the corre­
sponding experimental results in the same table. Except 
for the momenta, where the calculations have been 
normalized to the data [3.54 BeV/c for reaction (1) 
and 3.0 BeV/c for reaction (2)], all the predicted cross 
sections are very different from the experimental 
values, sometimes by an order of magnitude.10 

CONCLUSION 

In summary, we would like to point out that while 
the angular correlations of the N* decays of the reac­
tion (1) and (2) agree very well with the predictions 
of the p-exchange model,1 the production character­
istics of both reactions (1) and (2) (momentum transfer 
distribution, energy dependence of the total cross 
sections) are in contradiction with a simple-p-exchange 
model.6 

Ross and Shaw11 have tried to improve the predic­
tion of the one-pion-exchange mechanism by taking 
into account the absorption due to competing processes. 

9 A. Daudin, M. A. Jabiol, C. Kochowski, C. Lewin, F. Selleri, 
S. Mongelli, A. Romano, and P. Waloschek, Phys. Letters 7, 125 
(1963). In this article the authors report on the reaction 7r+-j-^ —* 

iV3s*+++7T° at 1.59 BeV/c, but the agreement between their 
angular correlation distribution and the p-exchange prediction is 
inconclusive, due perhaps to limited statistics. 

10 We have verified that for all X between 1.0 and 10.0, the 
Jackson-Pilkuhn formula gives values of cross section increasing 
with energy. One could argue that this formula is good only for 
small momentum transfer region and must therefore be smaller than 
the total cross section. Our answer is that most of the data are 
in the region of small momentum transfer and the difference 
would never make a factor of 10 observed sometimes between 
the predicted and measured cross section. 

11 H. Ross and G. Shaw (to be published), L. Durand and Y. T. 
Chiu, Phys. Rev. Letters 12, 399 (1964); K. Gottfried and J. D. 
Jackson (to be published). 
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Similar calculations must be done to improve the pre­
dictions of the '^-exchange model.'' 
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IT is well known that the octet of vector mesons p, i£*, 
and <p and the octet of pseudoscalar mesons T, K, and 

77 do not satisfy the Gell-Mann-Okubo1 mass formula 
exactly. In particular, the discrepancy for the vector 
mesons is larger than that for the pseudoscalar mesons. 
I t is of some interest then to investigate the effect of 
the actual mass splitting of the pseudoscalar octet on 
the mass splitting of the vector octet2 and, in particular, 
the consequences of the deviation of the pseudoscalar 
mesons from the GMO mass formula. Using the rela-
tivistic effective-range approximation for the coupling 
of a vector meson to two pseudoscalars, we show that 
taking the observed masses of the pseudoscalar octet 
to be T?(548), iT(496), and TT(140) the masses of the 
members of the vector octet are in the order <p>K*> p. 
The magnitude of the calculated splitting is approxi­
mately twice the observed values. I t is shown that to 
first order in the mass splitting, if the pseudoscalar 
octet satisfies the Gell-Mann-Okubo mass formula, then 
the vector octet also satisfies it. This is also true when 

* Work supported in part by the U. S. Atomic Energy 
Commission. 

t Alfred P. Sloan Fellow. 
1 M. Gell-Mann, Phys. Rev. 125, 1067 (1962); S. Okubo, Progr. 

Theoret. Phys. (Kyoto) 27, 949 (1962). 
2 The effect of the pseudoscalar mass differences has been con­

sidered by R. H.Capps, Phys. Rev. 132, 2749 (1963); andNorth-
western University, January 1964 (unpublished), assuming the 
bootstrap mechanism and using several modifications of the 
determinantal method. 
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the potentials are determined by the bootstrap mecha­
nism. Furthermore, a deviation of the pseudoscalar 
masses from the GMO formula implies a larger deviation 
for the vector masses with the opposite sign. In other 
words, the ^(548) being lighter than the GMO predic­
tion of 565 MeV implies that the <p should be heavier 
than the GMO prediction of 930 MeV. This result is in 
qualitative agreement with experimental values. How­
ever, as we shall see later, the violation of the GMO 
formula by the vector octet is substantially greater than 
the prediction derived from the first-order formula using 
observed values of rj, K, and w. 

Within the approximation of keeping only first-order 
terms in the mass differences, we examine several 
modifications of the effective-range formula. We find 
that these modifications do not change the result of the 
simple effective-range formula by more than 20 to 30%. 
On the other hand, in view of the large mass splitting 
within the pseudoscalar octet and the large value of the 
predicted first-order vector mass splitting, it appears 
that higher order terms in the mass differences could be 
quite important. 

In the language of dispersion relations, the effective-
range formula is a representation of the T matrix with 
the "potential" given by a simple pole in the unphysical 
region. In general, both the T matrix and the potential 
term are matrices of dimension equal to the number of 
channels having the same quantum numbers. For the 
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The effect of the splitting of a pseudoscalar octet on the splitting of a vector octet is investigated using a 
simple effective-range formula for the coupling of a vector to two pseudoscalars. Taking the observed masses 
of the pseudoscalar octet to be 77(548), i£(496), and 7r(140), it is found that the mass differences among the 
members of the vector octet <p, K*, and p give the order (p>K*>p.The magnitude of the calculated splitting 
is approximately twice the observed values. It is also shown that to first order in the mass splitting, if the 
pseudoscalar octet satisfies the Gell-Mann-Okubo mass formula, then the vector octet also satisfies the GMO 
formula. Furthermore, a deviation of the pseudoscalar masses from the GMO formula implies a somewhat 
larger deviation for the vector masses with an opposite sign. This result is in qualitative agreement with ex­
perimental values. 


