
VOLUME 18, NUMBER 21 PHYSICAL REVIEW LETTERS 22 Mav 1967

do the data.
We wish to thank Mr. P. Myers for his assis-

tance in analyzing the data, and Dr. G. Voss
and the Cambridge Electron Accelerator staff,
whose excellent cooperation made this exper-
iment possible.

*This work is supported in part through funds provid-
ed by the U. S. Atomic Energy Commission under Con-
tract No. AT(30-1) 2098.

'f Now at Deutsches Elektronen-Synchrotron (DESY),
Hamburg, West Germany.

f.Now at the Ion Physics Company, Lexington, lVlas-

sachus etts.
~R. Alvarez, Z. Bar-Yam, W. Kern, D. Luckey,

L. S. Osborne, S. Tazzari, and R. Fessel, Phys. Rev.
Letters 12, 707 (1964).

L. S. Osborne, in Proceedings of the International
Symposium on Electron and Photon Interactions at
High Energies, Hamburg, 8-18 June 1965 (Springer
Verlag, Berlin, 1965), Vol. I, p. 91; R. Alvarez et al. ,
ibid. , Vol. II, p. 207; R. Lewis, D. Luckey, and J. Ug-
lum, ibid. , Vol. II, p. 424.

3R. Alvarez, Z. Bar-Yam, V. Elings, D. Garelick,
S. Homma, W. Kern, R. Lewis, D. Luckey, L. S. Os-
borne, J. Uglum, and R. Fessel, IEEE Trans. Nucl.
Sci. 12, 238 (1965).

4M. Braunschweig, D. Husmann, K. Lubelsmeyer,
and D. Schmitz, Phys. Letters 22, 705 (1966).

5M. P. Locher and H. Rollnik, Phys. Letters 22, 696
(1966).

8For a discussion of the behavior of photoproduction
cross sections and meson-nucleon cross sections see
V. B. Elings, K. J. Cohen, D. A. Garelick, S. Homma,
R. A. Lewis, P. D. Luckey, and L. S. Osborne, Phys.
Rev. Letters 16, 474 (1966), and references cited
therein.

%'e have fitted the data using the single-pole func-

tional form

2[@ (i}-11
—„,=zg&I

p
where &(t} is a function of t alone, E& the incident pho-
ton energy, Mp the proton mass, and o.~(t} the ~ Regge
trajectory. When we fitted only those data points where
E&-2.8 GeV, we achieved good fits using the above
functional form. The fits including data with && & 2.8
GeV were poor.

G. Hohler, J. Baacke, H. Schlaile, and P. Sondereg-
ger, Phys. Letters ~20 79 (1966).

9S. Drell, in Proceedings of the International Sympo-
sium on Electron and Photon Interactions at High Ener-
gies, Hamburg 8-18 June 1965 (Springer Verlag, Ber-
lin, 1965), Vol. I, p. 71.

MUON-PAIR DECAY MODES OF THE VECTOR MESONS*

A. Wehmann, g E. Engels, Jr. , C. M. Hoffman, P. G. Innocenti, and Richard Wilson
Harvard University, Cambridge, Massachusetts

W. A. Blanpied
Case Western Reserve University, Cleveland, Ohio

and

D. J. Drickey
Stanford Linear Accelerator Center, Stanford University, Stanford, California

and

I. N. Hand/.
Cornell University, Ithaca, New York

and

D. G. Stairs
McGill University, Montreal, Quebec, Canada

(Received 10 April 1967)

We wish to present results of a further anal-
ysis of data on the production of muon pairs
by a negative 12-BeV/c pion and kaon beam
at the alternating-gradient synchrotron. A pre-
liminary report of the experiment, which in-
cluded a brief description of the techniques

employed and of the experimental apparatus,
was given previously. ' That Letter discussed
the analysis of two-prong events' produced in
an iron-plate spark chamber and quoted results
for the dec@y mode p —p,++ p. .~ The present
Letter gives four separate determinations of
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the p -2p, branching ratio based on the data
taken using carbon as well as the iron target
and compares these data with production cross
sections taken from both hydrogen and heavy-
liquid bubble-chamber data. In addition, an-
gular distributions of the muon pairs, which
are presented as a function of four-momentum
transfer, suggest the possibility of some u
production. Finally, observation of the decay
y —2p. based on events produced with incident
K mesons is reported.

Determination of the p'- 2JLL branching ratio. —
We have analyzed events previously measured
from data taken during a 16-BeV r exposure
in a heavy-liquid bubble chamber (C,F,C1).
Two of the branching ratios which we report
here are determined by comparing the events
from our carbon data with production cross
sections obtained from the heavy-liquid cham-
ber data. By applying the experimental cutoffs
present in our experiment to the bubble-cham-
ber data, we are able to select just those bub-
ble-chamber events which would have been de-
tected in our experiment, thereby measuring
the production cross section times the detec-
tion efficiency with which our data must be com-
pared. The branching ratios so obtained are
shown in the first two entries of Table I. It
should be noted that these ratios are relative-
ly free of the systematic error discussed in
the previous paper' where an optical-model
calculation was required to scale the iron cross
section measured in our experiment to a cross
section for the free proton. In addition, an
important correction required when discuss-
ing the branching ratio obtained by selecting
two-prong events in carbon is not important

in the branching ratio determined from the
multiprong data. This correction is due to the
fact that we estimate that in 25% of the events
labeled "two prong, " there is an additional m'

which remains undetected.
In obtaining the ratios using hydrogen bubble-

chamber data, it was necessary to calculate
experimental efficiencies. These were obtained
by making a maximum-likelihood fit to the ob-
served decay angular distributions. The four
ratios are in good agreement, but we empha-
size that they are not statistically independent
and contain systematic errors. Our best es-
timate is obtained by a weighted average, tak-
ing full account of the correlation between the
errors of the four methods, giving the branch-
ing ratio

" +" =(5.l~l. 2)xio-'.
p -m++77

Some further comments concerning our da-
ta are necessary in order to support the assump-
tion that the resonance at 750 MeV is the p'
meson. Figure 1 gives the density-matrix pa-
rameters ppp py y, and Repyp as a function
of the four-momentum transfer for the cut-off
two-prong iron and carbon data between 600
and 900 MeV. The parameter ppp, as measured
in our experiment, is in reasonable agreement
with an absorption-model calculation' based
on a one-pion exchange model which is repre-
sented on the figure by a dashed line. We con-
clude from this agreement that our data are
primarily p production by one-pion exchange,
especially at low momentum transfers [Itl &0.3
(BeV/c)']. At higher momentum transfers the

Table I. Results from four differing determinations of the branching ratio (po —2p)/(po —27t). Each method is
not necessarily statistically independent and systematic errors dominate. Experimental efficiencies were deter-
mined by applying kinematic limitations to bubble-chamber data for the first two methods and a maximum-likeli-
hood calculation for the second two methods.

Source of muon-pair
cross section

Source of pion-pair
cross section

Calculated branching

ratio "x 10'p'- 2z

Two-prong from C
per carbon nucleus

Multiprongs from C
per carbon nucleus

Two-prong from Fe
scaled to free proton

Two-prong from C
scaled to free proton

aRef. 1.

930

Heavy-liquid bubble
chamber

Heavy-liquid bubble
chamber

Hydrogen bubble
chamber

Hydrogen bubble
chamber

4.4+ 2.9

4.4+ 1.5

6.1+ 2.2

5.2+ 1.8
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FIG. 1. Decay-correlation matrix elements for com-
bined carbon and iron events in the dimuon mass range
600 &M&& & 900 MeV plotted as a function of four-mo-
mentum transfer. These matrix elements were ob-
tained by making maximum-likelihood fits to weighted
distributions, with the weights proportional to the effi-
ciency of the experimental detection system. The
dashed line represents predictions of a one-pion ex-
change model including absorption.

density matrix elements give evidence for spin-
1 exchange, compatible with &' production. This
change in vector-meson polarization is clear-
ly seen in the angular distributions of Fig. 2.
However, if we construct the effective-mass
plot for the data with It I & 0.3 (BeV/c)', where

contamination should be larger, we observe
no marked shrinking of the resonance width.
Nevertheless we correct the p' branching ra-
tio for ~ contamination, by assuming the ra-
tio of the partial widths I"(~0-2p)/I'(p'- 2p)
as predicted by SU(3) ' and the known &u' pro-
duction cross sections. 7 The correction amounts
to (11+6)%. Finally a Monte Carlo calculation
of the contribution to the high momentum-trans-
fer data from the normal two-pion decay mode
of the p decaying in flight gives less than a
2% contribution ot the data above IIt I =0.3 (BeV/c)'.

Observation of the p decay mode. —In this
section we report on a sample of the data rep-
resenting those events induced by 12-BeV K
mesons incident on either carbon or iron and
such that the reaction can include any number
of particles present in the final state in addi-
tion to the muon pair. As discussed in the pre-
vious paper, incident K mesons were positive-
ly identified with a differential Cerenkov count-
er. ' Figure 3 shows a histogram of the muon-
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cos e(CM)
0 20 40 60 80 100 120 140 160 180

c (CM)

pair invariant mass observed from these K
induced events. The histogram has only a few
events because of the low K flux in the inci-
dent beam (-3% of the pion flux). Figure 3 al-
so shows the muon-pair invariant-mass spec-
trum ebserved for reactions induced by inci-
dent ~ mesons on both carbon and iron scaled
down by a factor of 50. A clear peak is seen
above this curve in the mass region of about
1050 MeV and with width- consistent with our
experimental resolution. ' We attribute this
peak to the muon-pair decay mode of the y
meson.

It is well known that y-production cross sec-
tions from ~ mesons are small and that y
mesons are more readily produced with K
beams, in agreement with SU(3) arguments.
In addition, the p-meson branching ratio into
lepton pairs is predicted to be larger than the
corresponding branching ratios for the p' and
~' because of the smaller p width. ' Since Fig.
3 represents a yield proportional to the product
of branching ratio, production cross section,

FIG. 2. Distributions of cos& and p in the dimuon
rest system for two-prong carbon events with magni-
tude

~
t[& 0.3 (BeV/c)2 and magnitude at)& 0.3 (BeV/c)

and dimuon masses in the range 600 &M & 900 MeV,
pp

8 is the polar angle measured from the pion direction;
q is the azimuthal angle (Treiman-Yang angle) mea-
sured from the production plane. Continuous curves
were calculated using density-matrix elements for all
two-prong carbon events in each of the two momentum-
transfer ranges.
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HISTOGRAM: EVENTS PRODUCED
BY INCIDFNT K
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FIG. 3. Dimuon mass spectrum for 34 events pro-
duced with 12-BeV/c K -mesons incident on carbon
and iron. For comparison the mass spectrum pro-
duced with 12-BeV/c w mesons incident on carbon
and iron is also shown, scaled down by a factor of 50.
(The incident 12-BeV/c beam contained about 8/o X
meson. )

Because no enhancement of the dimuon mass
spectrum in the y region due to incoming pi-
ons was observed, we place an upper limit on
production of muon pairs from y mesons by
pions incident on carbon at 12 BeV. We esti-
mate this cross section to be less than 1.0 nb

per carbon nucleus.
Conclusions. —We see conclusive evidence

and detection efficiency, one might expect a
peaking in the q-mass region for K-induced
events, as is indeed the case.

It is difficult to relate our observed event
rate to a branching ratio for the decay mode
@-2p, since high-energy y-production cross
sections are unknown at the present time. Bub-
ble-chamber exposures to incident R beams
in the 10-BeV region can be expected to yield
cross sections for y production in hydrogen
in the near future' but to our knowledge, no
data exist at present. Furthermore, our events
come from an undetermined final state and pro-
duction can occur on either the proton or the
neutron. The efficiency for detection of these
events in our experiment depends on the angu-
lar distributions of the reaction, and the limit-
ed statistics introduced large errors in the
technique used to calculate this efficiency. "
We nevertheless employed the method discussed
in Ref. 10 to arrive at a cross section for muon-
pair events in the y-mass peak. We find

o = 33+ 11 nb/C nucleus.

for the decay of p and p mesons to muon pairs.
The values of the density-matrix parameters
describing the dimuon polarization at high four-
momentum transfer for the pion data are con-
sistent with the presence of the decay ~'-2p, .
In addition, we report a new normalization of
our data based on the results from a heavy-liq-
uid bubble chamber.
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