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reasons, one of which has already been discussed
in some detail. "

We are greatly indebted to Professor R. P.
Feynman and Professor C. N. Yang for the most
instinctive and helpful discussions.
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These particles may or may not be the elementary
particles and resonances we know now. For example,

they may be members of a set of more "fundamental"
particles.
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By noncovariant perturbation theory, we mean the
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We report on -240 events of the reaction m+n —&uoP at a beam momentum of 4.19 GeV/
c. The differential cross section shows neither a broad dip for t & -0.2 (GeV/c) nor a
dip in the region t =-0.6 (GeV/c) . There is a 2-standard-deviation dip in poz between t
=-0.2 and t =-0.2 (GeV/c) and a small negative value of Repro for t & -1.0 (GeV/c) .
The dip in poo ls consistent with the vanishing, in that region of t, of an exchanged tra-
jectory with unnatural parity. A simple Regge-model calculation with p+& exchange
does not reproduce the data.

|T tl (dp (2)

with the other final-state proton participating as
a spectator to the strong interaction. Reaction (2)
is particularly interesting because 6-parity con-
servation limits the low-lying exchanges to the

p and 8 trajectories. The data are not compati-
ble with p-exchange dominance of the reaction.
The differential cross section varies smoothly,

In a bubble-chamber study of the reaction

17 d~1T 17 7T pp

at a beam momentum of 4. 19 GeV/c, we have
identified 338 events which correspond to the re-
action

with no dip apparent at f =-0.6 (GeV/c)' or in the
forward direction [t & —0.2 (GeV/c)'j. However,
a dip is suggested in ppo for the ~ at t = -0.25
(GeV/c)'.

We have measured about 21 000 four-prong
events on film taken in the Lawrence Radiation
Laboratory 72-in. deuterium bubble chamber to
obtain about 2700 events fitting Reaction (1).
Each event contains a stopping track whose pro-
jected length is greater than 1 mm, which we
identify as the spectator to Reaction (2). The re-
maining proton typically possesses a much higher
momentum. Events were classified as belong-
ing to Reaction (1) if this hypothesis possessed
the smallest one-constraint )(' (and no four-con-

673



VOLUME 23, NUMBER 12 PHYSICAL REVIEW LETTERS 22 SEPTEMBER 1969

C4
O

~ 40—
X
O

20—
UJ

IJJ

(a)

60-

M

z 40-
LU

UJ

20-

(c)

0 ~T, I I

.500 .600 .700 .800 .900 I.OOO

MASS OF 7r+vr 7r IN GeVic 2
0 IOO

CONFIDENCE LEVEL IN PERCENT

2
rn ~p40-

(b)

—20-

0
Z

I . I

& -O.IO 0.05 0.0 0.05 O.io

MISSING MASS SQUARED IN (GeV/c )

& 40-
X
O

I- 20-
IJJ

LLI OJ I Pl I

IOO 200 300 400

MOMENTUM OF PSPEc IN MeV&c

FIG. 1. (a) Invariant-mass distribution of ~+~ ~ in
the region of the ~0. The curve indicates the best
least-squares fit to find the mass and width of the u .
The dashed line shows a linear estimate of the back-
ground. (b) Missing-mass-squared distribution of 7I .
Curve represents resolution function normalized to
the number of events. (c) Confidence-level distribu-
tion. Dashed line indicates the number of events in the
first bin which have confidence level &2%. (d) Specta-
tor-momentum distribution. Curve represents Hulthen
wave function normalized to the number of events be-
tween 120 and 200 MeV/&.

straint fit wa.s attained}, and the fitted momenta
of the charged tracks agreed with bubble density
when examined on the scanning table. [About
75

%%d
of the nonspectator protons in Reaction (2)

could be unambiguously identified in this way. ]
We report here on the 338 events in the 7t m

invariant- mass spectrum between 650 and 900
MeV/c' shown in Fig. 1(a), which we have de-
fined as the ~' region. Tests on the data have
been performed to check against the presence of
biases. The mass squared of the neutral parti-
cle for events fitting Reaction (1) wa. s calculated
from the measured tracks and is shown in Fig.
1(b). The resulting distribution of mass squared
is symmetric, centered at m„o', and agrees well
with the resolution function calculated from the
errors assigned to the measured tracks by the
fitting program. The distribution of X' probabili-
ty for these events is shown in Fig. 1(c). This
distribution is quite flat if we exclude events
whose probability is &2%, as shown by the dotted
line in the first bin. We have chosen to include
all of the events in our analysis; the exclusion of
those with I'(If') & 2% has no effect on our conclu-
sions. The spectator-proton angular distribution
(not shown) is isotropic in agreement with the
impulse approximation. In Fig. 1(d) we show the
spectator momentum distribution and the predic-
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FIG. 2. Differential cross section for & n ~ P.
The curve represents the predictions of the Regge mod-
el and parameters in Ref. 11. The Pauli correction is
indicated by the cross hatching in the first two bins.
The limits correspond to the values 0.1 and 10.0 for
the ratio of spin-flip to spin-nonflip amplitudes.

tion of the Hulthdn wave function scaled to the
data. The agreement is excellent.

As a final check on the data, the three-pion
mass spectrum was fitted to a linear background
curve plus an s-wave Breit-Wigner shape for the

The best fit, shown in Fig. 1(d), is achieved
for a. mass u." 781+ 3 MeV/c' and a full width of
45+ 6 MeV/c'. The Breit-Wigner resolution func-
tion for the fitted errors on the ~' mass has a
full width of 30+ 3 MeV/c', so that we infer a
value of 15+ 7 MeV/c' for the intrinsic width of
the co'. These agree well with the accepted' val-
ues m = 783.4+ 0.7 and I"= 12.6+ 1.1 Me V/c2.
From Fig. 1(a) we conclude that the non-e'
events in this region, both background and in-
correct assignments to Reaction (2), represent
no more than 17 /p of the data.

Our event sample for Reaction (2) corresponds
to a cross section for that reaction of 0.345
+0.050 mb. ' This number reflects corrections
for that fraction of events in which (a) the specta-
tor proton in Reaction (1) was not visible, (b) the
&u' did not decay into w+z v', and (c) Reaction (2)
was suppressed (in the forward direction) be-
cause of the identity of the final-state protons. '
This last correction is about 4%.

The general features of our data for Reaction
(2) agree with those observed in earlier experi-
ments at lower energies. '=' In Fig. 2 we show
the differential cross section dv/dt, where t is
the four-momentum transfer squared between the
incident m+ and the outgoing ~'. This distribution
is smooth, with no prominent dips. We note that
in a simple Regge model' with only p exchange,
dips are predicted at t=t ~„and t--0.6 (GeV/c)',
which are not present in the data.

The production density matrix elements, shown
in Fig. 3 as functions of t, have been calculated
in the ~' rest frame from the angular distribution
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of the normal to the ~' decay plane. ' We have
chosen to display our results in finer bins in t
than have previous experimenters and have made
many tests to be sure that no spurious features
of the data are thereby generated by the small
numbers of events in each bin. ' We have com-
pensated for the presence of incoherent back--
ground by studying the values of the moments of
the decay angular distribution in mass bins adja-
cent to the ~0. The distribution of ppp after a
background subtraction is shown in Fig. 3(d).
Although uniformly shifted up and possessing
larger errors, this distribution is similar to the
distribution of poo shown in Fig. 3(a). In particu-
lar, the dip near t--0.2 (GeV/c)' is still pres-
ent, implying that it does not arise from the be-
havior of background in the w mass region.

We have attempted to fit the data using particle-
exchange models. If a single particle is exchanged
it must have quantum numbers I = 1, suggest-
ing among known particles only the p or B meson.
The absorptive peripheral model' (including only

p exchange) predicts a cross section about six
times too large, in contrast to the situation at

0.6—

0.4—

2.7 GeV/c ' where the agreement is good. " A

simple Regge model" with p and B exchange,
however, does possess a proper s dependence.
We varied the parameters of this model, starting
at values for the parameters as given in Ref. 10,
in a least-squares fit to our differential cross
section and density-matrix elements. The re-
sults of the fit lessened the importance of the
term in the amplitude proportional to o.z(t)."
For

~ t) &0.1 (GeV/c)', the model successfully
predicts both the shape and magnitude of the dif-
ferential cross section at this energy as seen in
Fig. 2 and also fits the differential cross sections
at lower energies (not shown). The Regge model
does not match the dip in p» in our data. How-

ever, it does predict negative values for Repro
in contrast to the absorptive peripheral model,
another Regge model, "and an absorptive Regge
model, "which all give the wrong sign at small
values of I'. Negative values for Repyp have also
been found at 3.65 GeV/c. '

Hogaasen and Lubatti" have suggested that a
dip in p«(dv/dt) indicates the vanishing of unnat-
ural-parity exchange (in our case the B meson)
because natural-parity exchange (p) without ab-
sorption predicts p«= 0 for all I'. We observe a
2-standard-deviation dip in ppp and a correspond-
ing dip in p»(dv/dt) between t = -0.2 and t = —0.3
(GeV/c)'. One might expect similar behavior in
the reaction
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FIG. 3. Density matrix elements (a) ppp (b) pf f,
(c) BePfp, and (d) Ppp after background subtraction de-

scribed in the text. The solid curves are the predic-
tion of the Regge model.

~'n —&u'N* (1236).

We have examined data at nearby energies" but
find no corresponding dip in p« that is statistical-
ly significant.

In conclusion we point out that the simple Regge
model does not correctly predict the angular be-
havior of (1) do/dt, (2) p«, or (3) p, , near t
= 0. This is because the unnatural-parity trajec-
tory is not correctly described (f~' must be
large near t = 0 to fit the data).

We express our appreciation to Professor
L. Jones for many illuminating conversations
about the Regge model. We wish to thank Dr.
G. E. Hite for the program used to calculate the
predictions of the Regge model. Professor
U. E. Kruse made many contributions during the
early stages of the experiment. Finally, we are
pleased to thank members of the Alvarez group
at the Lawrence Radiation Laboratory who par-
ticipated in the experimental run, and the ef-
forts of the scanning, measuring programming,
and engineering staff at the University of Illinois.
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