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the upper limit on the branching ratio is R & (28
+2x57)/1.1x10'=1.3x10 '. However, as men-
tioned above a maximum systematic error of
50% in the yield was estimated as possibly re-
sulting from the comparison of two experiments. '
Including this possible systematic error results
in an upper limit of 2.0~10 4.

This result is approximately an order of mag-
nitude improvement over previous measure-
ments of the muon branching ratio. ' The upper
limit of the muon branching ratio set by these
data is approximately equal to the upper limit
on the electron branching ratio of the p set by
other recent work. e Further work on an im-
proved design of this experiment is now in
progress.
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%e have measured the differential elastic-
scattering cross section for ~ +p collisions
at four incident pion momenta: 2.5, 3.0, 4.0,
and 6.0 GeV/c. The emphasis in this experi-
ment has been placed on scattering at relative-
ly large momentum transfers —in particular,
on the structure in the differential cross sec-
tion near the backward direction and in the re-
gion of the secondary maximum at -t =1.2 which
has been seen by other experimenters'&' at low-
er energies.

The experiment was carried out in the 17'
beam of the zero-gradient synchroton (ZGS)
at Argonne National Laboratory with the appa-
ratus shown in Fig. 1. A liquid-hydrogen tar-
get one foot long and 1.5 inches in dia, meter
is completely surrounded by a coplanar array
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FIG. 1. Plan view of experiment.
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of spark chambers and counters. The spark
chambers are triggered on a coincidence be-
tween any one of the left side counters 6, 8,
10; any one of the right side counters 5, 7, 9;
and the beam counters. The size of the side
counters was adjusted to maintain nearly con-
stant azimuthal acceptance (around the beam)
of about 1/20 for all scattering angles. The
beam had an angular divergence of +3 mrad
and a momentum resolution of +1%.

The film containing the data was first scanned
by an automatic flying-spot scanner' which suc-
cessfully measures about 90% of the elastic

events. The film was then completely rescanned
by human scanners and the remaining events
measured on ordinary digital measuring ma-
chines. In this way, all candidates for elastic
events are reconstructed in space with an an-
gular accuracy of +3 mrad.

Event identification was made on the basis
of coplanarity of the three tracks and agree-
ment of the scattering angles with elastic-scat-
tering kinematics. These criteria were suffi-
cient to reduce background to approximately
1 gb/sr in the angular region where the cross
section is small. The background was always

Table I. m +p differential cross section I'mb/sr).

2.5 GeV/c
cos8* da/d0 Error

3.0 GeV/c
cos8* do/dg Error

4.0 GeV/c 6.0 GeV/c
cos8* do/dQ Error cos8* do/d 0 Error

0.965
0.955
0.945
0.935
0.925
0.915
0.905
0.895
O.S85
0.875
0.865
0.855
0.845
0.835
0.825
0.815
0.805
0.790
0.77
0.75
0.73
0.71
0.65
0.55
0.45
0.35
0.25
0.15
0.05

—0.05
-0.15
-0.25
—0.35
-0.45
-0.55
-0.65
-0.75
-0.85
-0.942a

10.78
S.S9
7.78
6.78
5.82
5.09
4.51
4.05
3.32
2.99
2.51
2.22
1.80
1.42
1.14
1.12
0.81
0.75
0.52
0.39
0.26
0.15
0.103
0.117
0.14S
0.194
0.163
0.146
0.147
0.094
0.050
0.016
0.009
0.004
0.008
0.010
0.013
0.043
0.048

0.28
0.26
0.23
0.22
0.20
0.18
0.].8
0.17
0.15
0.14
0.13
0.12
0.11
0.10
0.08
0.08
0.07
0.05
0.04
0.04
0.03
0.02
0.011
0.012
0.015
0.017
0.015
0.014
0.015
0.011
O.OOS

0.004
0.004
0.002
0.003
0.003
0.003
0.006
0.006

0.975
0.965
0.955
0.945
0.935
0.925
0.915
0.905
0.895
O.SS5
0.875
0.865
0.855
0.845
0.835
0.825
0.815
0.805
0.7g
0.77
0.74
0.70
0.66
0.62
0.55
0.45
0.35
0.25
0.15
0.05

-0.05
-0.15
-0.25
—0.35
-0.45
-0.55
-0.65
—0.75
-0.85
-0.942a

12.5
10.6
8.52
7.21
6.17
5.25
4.59
3.82
2.72
2.5 9
2.12
1.66
1.52
1.31
1.00
0.82
0.78
0.56
0.43
0.36
0.21
Q. 142
0.118
0.106
0.140
0.105
0.074
0.070
0.044
0.034
0.012
0.004
0.0020
0.013
0.015
0.009
0.010
0.013
0.008
0.011

0.3
0.3
0.25
0.22
0.20
0.19
0.18
0.16
0.14
0.14
0.12
0.11
0.10
0.10
0.09
0.08
0.07
0.06
0.04
0.04
0.02
0.016
0.015
0.014
0.014
0.011
0.010
0.00g
0.007
0.005
0.003
0.002
0.001
0.003
0.003
0.003
0.003
0.003
0.003
0.003

0.87
0.85
0.83
0.81
0.78
0.74
0.70
0.66
0.62
0.58
0.54
0.50
0.46
0.42
0.35
0.25
0.2

0.83
0.56
0.34
0.23
O. 141
0.098
0.099
0.063
0.080
0.056
0.036
0.029
0.020
0.014
0.005
0.003

0.06
0.04
0.03
0.03
0.017
0.014
0.014
0.012
0.013
0.012
0.008
0.006
0.005
0.005
0.002
0.002

0.975
0.965
0.955
0.945
0.935
0.925
0.915
0.905
0.89
0.87
0.85
0,82
0.775
0.725
0.675
0.625
0.60

10.77
7.89
5.58
3.53
2.28
1.39
1.00
0.83
0.51
0.23
0.111
0.058
0.052
0.015
0.014
0.006

0.32
0.28
0.23
0.18
0.15
0.12
0.10
0.09
0.05
0.03
0.025
0.012
0.011
0.006
0.006
0.004

&0.001 a &0.001

-0.8 -0.9
—0.85 0.0010 0.0007 -0.942a 0.003 0.0( 2
—0.942a 0.006 0.002

aInterval covers -0.900 to -0.985.
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negligible in the region of the diffraction peak.
The following corrections were applied to

the data.
(1) Azimuthal acceptance factor. This is

about a factor of 20 and varies by at most 20%
over the whole range of scattering angle.

(2) Absorption and multiple scattering of the
recoil protons in the hydrogen and spark cham-
bers. This correction is significant only for
the small-angle scattering data in the forward
part of the diffraction peak, where it reaches
a maximum of 15$.

(3) Muon and electron contamination in the
beam. This was determined by absorption
studies and Cherenkov counter measurements
and was 5% or less for all beam momenta.
We believe the absolute normalization to be
correct to within about +5+.

Our data are presented in Table I where dc/
dQ is given as a function of cosine of the center-
of-mass scattering angle, 8*. The differential
cross sections for all four momenta have three
distinct structural features; the familiar for-
ward diffraction peak, a secondary maximum
(or shoulder at higher beam momenta), and
a peak in the backward direction at cosH = -1.
We now discuss the variation of these features
with incoming pion momentum.

It has been noted previously'&~&' that in the
region of momentum transfer -t from 0 to about
0.7, the differential cross section can be ex-
pressed in the form do/dt =Ae+~ and that 8
is nearly independent of incoming pion momen-
tum. At all four momenta we find a value for
8 of about 7.8 (GeV/c) ' in agreement with the
values found at' 2.0 and at' 8.5 GeV/c. At 2.5

and 3.0 GeV/c there are.small but possibly
significant deviations from an exponential shape
in the region t = -0.2 to -0.5. These deviations
may be associated with the spin-flip amplitude,
which is knowne to be present in the diffraction
region at 2.5 GeV/c, or with resonances.

The variation of the secondary maximum
with incoming pion momentum may be seen
from Fig. 2 where da'/dt is plotted versus t. -
We have included for comparison smooth curves
drawn through some of the data previously re-
ported at lower' &' and higher momenta. It
is evident that the size of this secondary max-
imum decreases smoothly with increasing beam
momentum from 2.5 to 6.0 GeV/c as a contin-
uation of its behavior at lower energies. The
higher energy data at 12.4 and 18.4 GeV/c in-
dicates that the exponential curve character-
izing the diffraction peak changes rather sud-

denly at -t = 0.6 and at larger momentum trans-
fers is consistent with a smaller slope. Our
data at 6.0 GeV/c approach this two-slope ex-
ponential dependence. It is interesting to note
that there is evidence for secondary maxima
in v+P scattering at' 2.0 and at' 4.0 GeV/c
similar to those in m p scattering at the same
momenta. A secondary maximum is also pres-
ent in charge-exchange scattering between 1.7
and 2.5 GeV/c, ' where it is found to shrink with

increasing momentum in a way qualitatively
similar to that shown in Fig. 2. It then appears
that these secondary maxima are a general fea-
ture of all pion-nuclear scattering, smoothly
shrinking with increasing momentum between
2.5 and about 10 GeV/c. Below 2.5 GeV/c the
same effect also seems to be present but its
energy variation is not so smooth, perhaps
because of interference with the I= ~ resonance
at 2.0 GeV/c. " The presence of a large polar-
ization'&' throughout the region of the secondary
maximum for incident pion momentum between
1.7 and 2.5 GeV/c shows that any meaningful
parametrization of this effect must include large
real and spin-flip contributions to the scatter-
ing amplitude. Vfe have not yet been success-
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FIG. 2. Momentum dependence of m+p elastic differ-
ential cross section.
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ful in finding a suitable parametrization.
In contrast to the behavior of the secondary

maxima neither the size nor the shape of the
backward peaks in our angular distribution vary
smoothly with beam momentum. The peaks at
2.5 and 4.0 GeV/c are relatively sharp, hav-

ing widths at &-maximum of 4 cos|9*=0.24 and
0.1, respectively, while the peak at 3.0 GeV/c
is essentially flat over an interval of 4 cos8*
= 0.6. It may be that resonant amplitudes are
important" "in the region of the backward
peak where the cross section is considerably
smaller than in the region of the secondary
maximum. It is clear that more data at inter-
mediate energies will be required before any
definite statement can be made about the cause
of the variation in the shape of the backward
peak.
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