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In a study of two-pronged events from 1.7-
BeV/c w interactions in the 20-inch Brook-
haven National Laboratory hydrogen bubble
chamber, we find that the three-body final state
i:s dominated by p-meson formation in a qua-
si-two-body channel, i.e. , w+N- p+N- w+m

+N. We have analyzed the data from 11000
two-pronged events in such a way as to isolate
the resonant state as freely as possible from
nonresonant background. In this way compari-
sons of rho production with predictions of var-
ious models are simplified.

A visual ionization check was made on each
two-pronged event for compatibility with the
mass fit as computed by the GUTS kinematics
program. A given hypothesis was rejected if
the probability was less than 0.04 for obtain-
ing a X' greater than the fitted one. If two fi-
nal-state hypotheses (A, B) were ambiguous
on the basis of ionization, but

hypothesis, then the event was classified as
hypothesis B. After this condition was imposed,
problems of events remaining ambiguous be-
tween any two of the possible channels, e.g.
w P, s Pmo, m m+n, etc. , were resolved by
methods of the kind discussed by Allen et al. '
We estimate a maximum of 5%%uo of events in

any one final state remaining ambiguous between
two or more of these final states.

The cross section we obtain for w +p —w

+p+ w' at 1.7 BeV/c is 5.4+0.5 mb. Of this,
we find 2.1+0.2 mb goes via the channel w

+P - p +P. The absolute value of the ii+P - p

+P production cross section is obtained by nor-
malizing to total and to zero-degree differen-
tial elastic-scattering cross sections measured
by counters, as discussed in Ref. 1. The great-
er part of the quoted uncertainties arise from
these counter measurements. Data on the p'
channel at this energy have been previously
published by Fickinger, Robinson, and Salant. '

The dependence of the production cross sec-
tion of the m m' system on the four-momentum
transfer siluared (t) to the nucleon is given in
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Fig. l for various mass cuts in the region of
the p resonance, and has been corrected for
nonresonant background. We found it necessary
to make narrow mass cuts in order to elimi-
nate major concealing effects of background.
Even at the peak of the p resonance (765 MeV),
it is a 2%o effect, and away from this peak
the percentage of background rapidly increas-
es. Distributions in t selected by wider cuts
in the mass of di-pion or cuts centered at oth-
er masses show loss of detail both for p and
for p' production. In particular, in these cases
the relatively large background tends to obscure

FIG. 1. For 1.7-BeV/c v +p-e +p+m', number of
events in intervals of 0.10 {BeV/c)2 four-momentum
transfer versus four-momentum transfer between in-
coming and outgoing proton, for di-pion mass cuts of
total width -50 MeV. For the mass cut centered on
the rho mass, the effect of three-body background is
relatively least, and the diffraction pattern becomes
apparent.

FIG. 2. The differential rho-production cross sec-
tion do(1.7-BeV/c m +p —p +p)/dt versus four-mo-
mentum transfer between incoming and outgoing proton.00
the minimum between first and second diffrac-
tion peaks. The mell-known exponential behav-
ior of the cross section' as a function of t is
clearly indicated in the region t ~ 0.6 (BeV/c)
and is found to have the form

dv/dt =A exp(-y t),
p p

where t is the invariant square of the four-mo-
mentum transfer from the incoming proton to
the outgoing nucleon.

We find that the differential production cross
sections for p and p' have the same shape:
a diffraction pattern showing the forward dif-
fraction cone, a first minimum, second max-
imum, and second minimum. For p, Ap= 2.0
+ 0.2 mb/(BeV/c) ' and yp = 5.8 + 0.5 (BeV/c)
and for the p, Ap ——2.5 + 0.2 mb/(BeV/c)', and

yp = 5.3 + 0.5 (BeV/c) '. This may be compared
with ye=7. 1+0.5 (BeV/c) ' for s P elastic
scattering at 1.7 BeV/c ' and with very simi-
lar values' for sP elastic scattering at higher
energies. This is also comparable with values
of y for other kinds of two-body reactions, e.g. ,
PP, PP, and KP collisions. '~e Recently, Byers
and Yang4 have suggested that the constancy

54



VOLUME 17, NUMBER 1 PHYSICAL REVIEW LETTERS 4 JULY 1966

MÃ & ) Q 660mev

Cos (P in, P out) C, 0.76
586 EVENTS

660mev QM(II' 7I' ) +860 mev

Cos (Pin, P out) C 0.76
665 EVENTS

860mev gM(& 71' )

Cos (Pin, P out) C. 0.76
424 EVENTS

-50

O
II

i/I

CI

K
ILI

IJj

-50

Cos (Pin, P out) )0.76
I94 EVENTS

Cos(Pin, P out) )0.76
5I8 EVENTS

Cos (Pin, P out) )0.76
I58 EVENTS

—I.O g Cos (P In, P out ) g I.O
580 EVENTS

-I,O g Cos (P in, P out) g I.O -1.0 g Cos (P in, P out) 4 I.O
582 EVENTS

-I00

+TY
I I I I I I I I

S.O 2.0 I.O 0 I.O 2.0 5.0 5.0

+zv RADIANS 4z Y RADIANS
I I I I I I I I I I I I

2.0 I.O 0 - I.O -2.0 "5.0 5.0 2.0 I,O 0 -I.O "2.0 -5.0

FIG. 3. Distribution of 1.7-BeV/c m +p —
m +p+m events versus Treiman-Yang angle for di-pion mass below,

in, and above the region of the rho. The solid lines represent a best fit to the data and show a dependence of the
form A+B cosy+C cos y instead of the predicted dependence A+gg cos y.

of y is related to a characteristic volume of
strong interaction roughly independent of the
nature of the exchange, be it spin, isotopic
spin, strangeness, or momentum. In the pres-
ent case, comparison of yp with y~ at 1.7 BeVj
c indicates inequality of the respective inter-
action volumes of the rho and pi meson with
the nucleon. '

Jackson computed the differential cross sec-
tions for Iz production at 1.7 BeV/c shown

in Fig. 2, on the basis of the absorption-mod-
el modification of the one-pion exchange mech-
anism' and using the 1.7-BeV/c II p elastic
cross section of Ref. 1. For curve 1, Fig. 2,
the Gottfried-Jackson pion and rho parameters
have been taken to be equal; for curve 2, com-
plete absorption of s wave has been assumed.
Neither of these curves fits the data, both over-
estimating the slope of the forward peak. The
absorptive one-particle-exchange model is in
difficulties in other ways at this energy. Ex-
amination of Fig. 3 indicates that, assuming
the di-pion to have spin 1, the predictions of
the one-particle-exchange model for the depen-
dence on the Treiman-Yang angle do not agree
with the dependence found experimentally. The
absorptive model predicts' a dependence of
the form A+B sin'y, whereas the t:vents in

a mass cut 760+ 100 (MeV/c)' show a depen-
dence of the form A +B cosy+ C cos'p, where
y is the Treiman- Yang angle. This disagree-
ment is in some contrast to the experimental
observation' at 4.0 BeVjc where qualitatively
the dependence is as predicted by the absorp-
tion model, but quantitatively the coefficients
A. and B do not agree with those for one-pion
exchange.

In Fig. 4 the differential p--production cross
section has been fitted by a bright-ring diffrac-
tion pattern given by

do/dQ =(kRJ (2kR sin26)AR)2,

where R=0.83+0.05 F, ~R=0.20+0.01 F, and
k' is the center-of-mass system momentum.
The coherent bright-ring model has previous-
ly given good representation for other two-body
reactions, for example in K p charge exchanges
at 2.0 BeV/c where R = 0.68 F and &R = 0.09
F; and in elastic K p scattering" at 1.45 BeV/
c where R=0.60 F and &R=0.15 F.

For comparison, we note that the optical
model for a black disk has been found to fit
the 1.7-BeVjc II P elastic-scattering differen-
tial cross section' for a radius R~=0.80+0.02 F.

The optical model, with its considerable re-
cent successes in representing high-energy



Vor.uME 17, NuMBER I PHYSICAL REVIEW LETTERS 4 JULY 1966

& 20.0—

CQ

K~ IO.O~ e'.0-
8,0-
7.0-

~ 6.0—
5.0—

~ 4.0-
~ 3.0-

I
—I2,0—

o IO—

CL
I

4 05-
b 0,4-

0,3-

0.2—

+I.O
O. I

I

I

0

(PHASE SPACE SUBTRACTED)

~ ' ~

+ 0.5
I

-0.5
I

I

I.O

, NouT lN (Bev/c)

cos 8
I

I
2.0

SOLID CURVE COMPUTED FOR A BRIGHT
RING SOURCE

[kaaR J (2kasinei2)]
R = 0.83f b,R = 0.25f

*Research supported by the U. S. Atomic Energy
Commission Contract No (11-1)-1537.

D. D. Allen, G. Qodden, Q. P. Fisher, J. B.Kopel-
man, L. Marshall, and R. Sears, Phys. Letters 21,
468 (1966). (We estimate that at most 4% of the events
in the m p7I final state have been designated as elas-
tics, and less than 1/p of the 7I

—px events used in this
report are due to contamination from other final states. )

W. J. Fickinger, D. K. Robinson, and E. O. Salant,
Phys. Rev. Letters 10, 457 (1963); and Proceedings of
the Athens Conference on Resonant Particles, Ohio
University, Athens, Ohio, 1965 (to be published).

3Aachen-Berlin-CERN Collaboration, CERN Report
No. CERN/TC/P-65-25, 1965, to be published; K. J.
Foley, S. J. Lindenbaum, W. A. Love, S. Ozaki, J. J.
Russell, and L. C. L. Yuan, Phys. Rev. Letters 10,
376 (1963); 11, 425 (1963). S. Brandt, V. T. Cocconi,
D. R. O. Morrison, A. Wroblewski, P. Fleury, G. Kay-
as, F. Muller, and C. Pelletier, Phys. Rev. Letters
10, 413 (1963); 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. Am, .—

blard, Phys. Rev. Letters, 14, 763 (1965).
4N. Byers and C. N. Yang, Phys. Rev. 142, 976 (1966),

and see references quoted in this paper.
5C. Iddings and L. Marshall, to be published.
J. D. Jackson, private communication to G. P. Fish-

FIG. 4. The differential rho-production cross sec-
tion dc(1.7-BeV/c ~ +p —p +n)/dt versus four-mo-
mentum transfer between incoming proton and outgo-
ing neutron. This curve is taken from data supplied
by Fickinger, Robinson, and Salant. 2

differential cross sections, offers useful pa-
rametrization of the data in terms of radii and
volumes of interaction.
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A detailed analysis of the various sum rules
which have been recently derived from the chi-
ral U(3)SU(3) algebra. of currents' indicates
that the exact sum rules may be approximated
by sums over a few intermediate states which
fall into a relatively simple reducible repre-
sentation of the current algebra. In a previous
paper' (hereafter denoted by I) we have shown

that the positive-helicity state of the nucleon
can be properly described as having components
in the ((6, 3)L = 0), ((3*,3)Lz = 0), and ((3, 3)Lz
=1) representations of U(3)SU(3), and that by
adjusting one free mixing angle one can then
correctly predict the experimental values of
G~, the axial vector coupling constant in P de-
cay; G*, the strength of.the axial-vector tran-


