
Vor.UMz 25, NvMsza 6 P 87 SI CAL RK VIE%' LETTERS 10 AUGUsr 1970

*Besearch supported in part by a grant from the
National Science Foundation.

lsobanc Spin in ¹clearPhysics. edited by J. D.
Fox and D. Hobson (Academic, New York, 1966);
Proceedings of the Second Conference on ¹clear
Isospin, Asilomar, California, March IM&, ,edited
by J. D. Anderson, S. D. Bloom, W. W. True, and

J. Cerny (Academic, New York, 1969); %. R. Coker
and C. F. Moore, Phys. Today 22, No. 4, 53 (1969).

For a general review of this area as weD as for
references consult G. T. Garvey, Ann, Bev. Nucl. Sci.
19, 433 (1969).

E. P. Wigner and E. Feenberg, Bep. Progr. Phys.
8, 274 (1941); E. P. Wigner, in Proceedings of the
Robert A. Welch Foundation Conferences on Chemical
Be8ea~ch, Houston, Texas, 1957, edited by A. Mil-
ligan (Robert A. W'elch Foundation, Houston, Tex.,
1957), Vol. 1, Chap. 4, p. 86; S. Weinberg and 8. B.
Treiman, Phys. Rev. 116, 465 (1959).

D. H. Wilkinson, Phys. Lett. 12, 348 (1964) .
%e use natural units with I =c =1 throughout.
See, for example, L. I. Schiff, Quantum Mechanics

(McGraw-Hill, New York, 1968), 3rd ed. , Chap. 8,
p. 285.

W8111berg RIld Trelman, Ref. 3 Eqs. (3) and (4).
Equ&tions (13) and (14) are an immediate conse-

quence of the fact that +y Rnd H~ Rre lineax' Rnd
bilinear, respectively, in the electromagnetic field
opel Rtox'

A. I. Sanda and Graham Shaw, Phys. Bev. Lett.
24, 1310 (1970).

M. Goldhabex' and J.%'eneser, Ann. Bev. Nucl. Sci.
5, 1 (1955}; ¹ Dombey aIId P. K. Kabir, Phys. Bev.
Lett. 17, 730 (1966).

G. Morpurgo, Phys. Rev. 114, 1075 (1959); E. K.
%arburton and J.Weneser, in Isospin im Aheleux
Physics, edited by D. H. Wilkinson (North-Holland,
Amsterdam, 1969), pp. 175-228.

S. Hayes, R. Imlay, P. M. Joseph, A. S. Keizer, and P. C. Stein
Labol"Rtox'y of Nucleax' hdles Cornell University Ithaca, New Yox'k 14850

(Received 15 June 1970)

%'e have measured the yield of p mesons photoproduced from carbon and decaying into
muon pairs. %'e find that the product of the lepton-pair branching ratio for the q and the
t = 0 photoproduction cross section is (0.66+ 0.10)x 10 4 mbiG8V~. This number is com-
pared with existing measurements of the branching ratio Rnd the cross section.

%e report on an experiment in which the photo- hodoscope and the energy of each muon. was de-
production of y mesons from a carbon target was termined by its range in iron. The apparatus ac-
studied by observing the g'p decay mode of the cepted muons with production angles between 7.5'

The y yield, which appears as a peak in the and 12.5', and energies between 2.58 and 3.85
muon-pair mass spectr'um above the Bethe-Heit- GeV. At larger angles the ratio of y signal to
ler bsckground, is proportional to the product of Bethe-Heitler background increases. However,
the p production cross section and the muon-pair larger angles require detection of muons with
branching ratio of the p. Hence this experiment lower energies which, in the case of an experi-
can serve as a consistency check on other experi- ment using iron absorber to identify muons, re-
ments which measure the latter quantities. As- suits in increased background due to photopro-
suming electron-moon universality, we find that duced pions. The present experiment was de-
our results are not consistent with preliminary signed for the maximum p signal consistent with
reports of recent measurements of the cross sec- negligible pion background. Data were taken with
tion and the electron-pair branching xatio. If bremsstrahlung peak energies at 9.8 and 8.3 GeV,
this inconsistency should prove to be true, it and the muon-pair yield was the same in each
would mean that electron-muon universality was case. Previous experience had indicated that
violated at the p mass. On the other hand, if such agreement is a good test for the absence of
some of the experiments are eventually shown to pion background. s After correction for random
be in error, then the magnitude of the phi-photon coincidences (4% maximum) and counter ineffi-
coupling constant derived from them will have to cienci. es, more than 25000 events remained.
be adjusted. Target-out yield contributed 0.5 + 0.5%.

The experiment was performed at the Cornell Pairs of muons in our range of mass (775&M»
University Wilson Synchrotron Laboratory. The (1550 MeV, where M» is the muon-pair invari-
apparatus employed differed only slightly from ant mass) and t (0 & -t &0.2 GeV', where t is the
that used in previous experiments. ' The direc- square of the four-momentum transfer to the nu-
tlon of each muon was detel mined by a counter cleus) ale due to tile Inuonlc decsy of pllo'topi 0-
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duced vector mesons p, p, and &, and also to
Bethe-Heitler production. The Bethe-Heitler
contribution may be divided into three classes;
elastic, inelastic, and "pion" inelastic, as dis-
cussed in Ref. 2. Following the technique de-
tailed in that reference, two forms of the inelas-
tic yield were evaluated; one of these (INLOW) is
expected to be valid for small ~t

~
and was used

successfully in a previous low-~t1 experiment'
while the other (INHI) is expected to be valid for
larger ~t1 and gave a somewhat better fit in a
larger-1&1 experiment. ' The "pion" inelastic
yield in the present experiment was small, con-
tributing 4 % to the total yield.

We have assumed a phi cross section of the
form4

B~»do/dt = (C ~/1. 1)(e50'+O. le").
The parameter C ~ is the product of the extrapo-
lated t = 0 photoproduction cross section and the
muonic branching ratio, B~», of the p meson.

Since the exact mass distribution in the p-~ re-
gion is uncertain, the p yield was calculated us-
ing two forms for the mass distribution. One
form ignored p-m interference:

ing least-squares fits to the observed mass dis-
tributions. The total theoretical yield ~ was pa-
rametrized as

Y =N(YsH+C ~Y~+R Yp), (5)

2.0
(a)

where ~BH is the expected Bethe-Heitler yield, '
C ~~~ is the expected phi yield for a given C ~,
and ~p is the total expected p yield. N, C ~, and
R are the free parameters, and the expected val-
ues of N and R are unity.

The results of these fits are presented in Ta-
ble I. It can be seen that the value of C ~ obtained
is relatively insensitive to (1) the p mass shape
employed (fits 1, 4), (2) the bremsstrahlung peak
energy (fits 1, 5), (8) the form of Bethe-Heitler
inelastic theory (fits 1, 3), and (4) cuts on t (fits
1, 2). The data prefer the p form R„which in-
corporates p-w interference, to form R„which
does not. When plotted as a function of t [Fig.
l(b)], the data prefer the inelastic form INLOW
to the form INHI. For this reason fit No. 1 was
used to generate the solid lines of Fig. 1. The
insensitivity of C ~ to cuts on t supports the as-

1 1
R, (m') = m' m -m '+im I

while the other included this effect':
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The notation and parameters used are those of
Ref. 5. For each form we assumed a differential
cross section with a t dependence of
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The t = 0 production cross section' and the muonic
decay branching ratio' of the p were taken to be
8.5 mb/GeV' and 6.2 &&10 ', respectively. The
pionic decay of the p with subsequent decay of
the pions into muons was approximately one-fifth
of the total p yield. Figure 1 presents the 8.3-
GeV data as a ratio (RsH) of observed counts to
the total Bethe-Heitler yield versus M» [Fig.
1(a)j and t[Fig. 1(b)]. -In Fig. 1(a), the data, are
displayed in 50-MeV mass bins. The enhance-
ments due to the vector mesons are clearly visi-
ble. The apparent width of the y meson is due to
the mass resolution of the apparatus (+50 MeV).

We determined the parameter C ~ by perform-
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FIG. 1. Ratio of observed counts to expected Bethe-
Heitler yield versus (a) pair invariant mass and (b) t.
In (a) only events with It1 & 0.04 Gev are plotted. In

(b) all events are plotted. The solid lines indicate the
total yield derived from fit No. 1 of Table I.
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Table I. Besults of fits of theoretical yield [Eq. (5) l to observed mass distributions. Indicated errors are statis-
tical only. In column 4, "YES"means data with It l & 0.04 Ge V were excluded.

Fit No.
Peak energy

(GeV)

INLY
INLO%

INHI
INLO%
INLO%

YES
NO

YES
YES
YES

8.3
8.3
8.3
8.3
9.8

0.92 +0,03
0.92+0,02
0.94 +0.03
0.91+0.03
0.89+0.04

0.66 +0.07
0.63 + 0.06
0.63 + 0.07
0.66+0.07
0.65 +0.10

1.22+ 0.17
1.30 +0.14
1.13+0.17
1.21+0.18
1.36 +0.21

28.5
28.5
30.8
38.3
25.9

0.01 cos8+0. 18 sin8. (7}

Thus, if 8=0', as expected for diffraction pro-
duction, the correction is small. At woxst the
correction could be 18%.

Our result for C „can be compared with results
of other experiments thxough the relation

C q B~pp(der~/dt), o.——

If we assume electron-muon universality, then

B~&&
——B~„&0.9993. It wouJ. d appear that at pres-

ent the best known of the above quantities is &~„,
which has been measured in an Orsay colliding-
beams experiment with the result (3.73 + 0.25)
& 10 . The production cxoss section from car-

sumed t dependence of the p cross section. How-

ever, the results for -t &0.04 GeV' should prob-
ably be preferred since for this t range the p
yield is predominantly coherent. For thi. s reason
we have plotted only events with -t &0.04 GeV'
in the mass spectrum in Fig. 1(a). On the basis
of these fits we conclude that

C &
= (0.66 y Q. 1.Q) x I.Q mb/GeV, (6)

where the uncertainty reflects the statistical er-
ror, the variations among the different fits, the
uncertainty in the p angular distribution, and an
estimated 7% normalization uncertainty.

There are two theoretical corrections to our
value for C ~ which have not been applied because
they are not well known. The first is radiative
corrections. Estimates based on a soft-photon
correction formula gave corrections which varied
from -1% to -4. 5'%%uo. (The negative sign here
means the true value of C ~ is larger than the ob-
served value. ) A potentially larger correction
comes from p-p interfex'ence. The magnitude of
this effect depends on the relative production
phase, ~, for p and p from carbon. An evalua-
tion based upon a relativistic Breit-Wigner form
for the mass distribution of both the p and p gave
a fractional contribution to the p yield of

bon has been measured in two experiments, but
to date only pxeliminary results have been given.
A DESY group reported" 0.34+ 0.06 mb/GeV'
while a Cornell group originally found" 0.38
+ 0.06 mb/GeV' for this quantity. Subsequent
analysis of thei. x data by the Cornell group has
suggested that the cross section may be lower
than the prelimi. nary value by a substantial fac-
tor, which may be as large as 2. ' If one takes
the OlsRy VRlue for 8~~ Rnd assumes universali-
ty, then our data yield

do ~/dt = C ~/& ~, = 0.177 + 0.029 mb/GeV'. (9)

This is clearly not consistent with the above men-
t&oned values. " '

The photon- y-meson coupling constant has
been derived fxom the branching ratio of y me-
sons decaying into electron pairs, e as well as
from a detailed analysis of photoproduction cross
sections of p mesons from complex nuclei. "
The prediction of simple vector meson domi-
nance is that the coupling constants derived inde-
pendently from these two measurements should
agree. The experimental discrepancy between
our results and the above-mentioned measure-
ments of B~„and photoproduction cross sections
casts doubt on the significance of such a compari-
son of coupling constants based on present data.

We wish to thank Professor D. Yennie and Pro-
fessor S. Brodsky for helpful suggestions on es-
timating radiati. ve corrections. We also thank
J. Knowles fox' help in running an early stage of
the experiment.
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We present evidence for three boson structures with masses 1.65, 1.97, and 2.16
GeV/c~ and widths less than 80 MeV/c2 from a study of the reaction r+p pr+ro at 18.1
GeV/c. These structures are shown to have Io =1+, therefore excluding even 8 assign-
ments. This result favors the interpretation of the 1.97 state as a member of the A2
daughter trajectory.

In this Letter we present evidence for the pro-
duction of three narrow-width charged boson .

structures with I~ = 1
' in the reaction

r'p pr'r'-
at 13.1 GeV/c. These states occur in the mass
regions of the R, (g), S, and 7" seen with the
CERN missing mass spectrometer (CMMS), ' al-
though significant differences from the 8 and T
are noted below. Henceforth, they will be de-
noted in this Letter by R, (g), S', and T'.

The data presented were obtained from an 8.0-
event/pb exposure of 13.1-GeV/c r' mesons in-
cident in the 82-in. hydrogen bubble chamber,
using the rf separated beam from the Stanford
linear accelerator. The film was scanned twice
for interactions with two charged final-state par-
ticles and no associated strange-particle decays.
The events found were measured on scanning and
measuring projectors and conventional film-
plane measuring machines' and processed using
the TVGP-SQUAW system. Every event included


