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A backward peak in the positive pion-proton
elastic cross section has been reported! for
4-GeV/c incident pions as well as a hint that
this peak might persist at higher energies.?
We have studied backward elastic scattering
of pions at 4 and 8 GeV/c, measuring cross
sections for positive and negative pions at cen-
ter-of-mass angles from 170° to 180° in the
center of mass. We find a sharp peak in the
backward direction for positive pions and a
lower, flatter peak for negative pions at both
4 and 8 GeV/c.

The experimental arrangement was similar
to that used in an experiment to measure for-
ward elastic cross sections at high momentum

PION BEAM

transfers, which is reported in the preceding
Letter.® Figure 1 shows the arrangement used
for backward scattering. The backward-scat-
tered pion and the forward-going proton were
each momentum analyzed and detected in scin-
tillation-counter telescopes. The solid angle
in the center of mass, subtended by each tele-
scope, ranged from 0.5 to 1.5 msr; the mo-
mentum resolution ranged from 6 to +12 %,
From two to five scattering angles were mea-
sured at one time, using a large fraction of
the 120-in. by 24-in. gap of the pion magnet
and the 30-in. by 6-in. gap of the proton mag-
net.
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FIG. 1. The experimental arrangement. B, c, B,, and Bj are the incident beam defining counters and T is the
hydrogen target. 7, and 7, are the counters of the five pion telescopes, and P;, P,, and P; are the counters of the
five proton telescopes. The incident pion beam passes through the large-aperture magnet before striking the target.
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with three scintillation counters was used to
identify pions in the incident beam. Coincidences
between the beam counters, a proton telescope,
and the corresponding pion telescope were used
to gate signals from the last counters in the

pion and proton telescopes. These signals

were put into a time to height converter whose
output spectrum was recorded by a pulse-height
analyzer. The peak in the spectrum correspond-
ing to the time of arrival of real elastic events
allowed those events to be separated from the
accidental events which were not correlated

in time and appeared as a uniform background.
This technique supplemented standard coinci-
dence counting and was useful at 8 GeV/c, where
the accidental background subtraction amounted
to up to 75% of the counting rate. At 4 GeV/c
the accidental rate was negligible.

The data were corrected for the 8% of muons
and electrons in the incident beam, for the 11%
absorption of the scattered pions and recoil
protons in the scintillation counters, hydrogen
target, and air, for the loss due to decay in
flight of 149 of the 0.4-GeV/c backward-scat-
tered pions, and for a 3% empty-target count-
ing rate. The large number of protons in the
positive beams could not simulate pion events
since it is kinematically impossible for an in-
cident proton to scatter beyond 90° in the lab-
oratory system. The contribution of inelas-
tically scattered pions to the measured cross
sections was estimated by counting crossed-
channel events in which a pion telescope was
put into coincidence with an uncorrelated pro-
ton telescope, and also by running with liquid

nitrogen in place of liquid hydrogen in the tar-
get. In all cases the inelastic contamination
was estimated to be less than 5%.

The errors given with the data are partly
statistical and include the 10% uncertainty in
the above correction factors. A 10% uncertain-
ty in the solid angles for backward scattering
is also included since the focusing of the pions
in the fringe field of the large-aperture bend-
ing magnet made the accepted solid angles very
sensitive to variations in magnet current.

The measured values of do/dS, the differ-
ential elastic cross section, versus cosf, ., ,
the center-of-mass scattering angle, are given
in Table I and plotted in Figs. 2 and 3 together
with some previous data at smaller angles for
comparison. At 4 GeV/c the extrapolated pos-
itive pion cross section at 180° is about 2x10~3
the height of the forward diffraction peak. The
extrapolated backward positive cross section
is about a factor of three lower at 8 GeV/c
than at 4 GeV/c. The negative pion cross sec-
tions near 180° are about 7 times smaller than
the positive peaks and seem to be flat within
the errors at both 4 and 8 GeV /c.

In order to compare the width of the forward
and backward peaks in 7r+-p scattering we have
fit the backward cross sections with the func-
tion

do/dt = (do/dt) b=t exp[a(tmax—t)],
where ¢ is the invariant four-momentum trans-

fer squared, and #,,, is the value of ¢ at 180°.
This results in an « of 17+ 3 (GeV/c) ™2 for the

Table I. The measured elastic-scattering cross sections.

Incident bo (dc/dSl)C_m. —t do/dt
particle (GeV/c) fc.m. cost 1y, (ub/sT) (GeV /c)? [ub/(GeV/c)4
T 4 177.5° —-0.9991 6.8+1.4 6.695 12.7+2.6
175.0° —-0.9962 9.2+1.6 6.686 17.3+3,0
170.0° —0.9848 8.1x+1.5 6.648 15.2+2.8
7T+ 4 175.0° —-0.9962 52.1+8.4 6.686 98 +16
170.0° —0.9848 35.2+5.7 6.648 66 +11
Lo 8 180.0° —1.0000 2.68+0.65 14.160 2.38£0.58
177.5° —-0.9991 4,30+0.99 14.154 3.81+£0,.88
175.0° —-0.9962 1.88+0.49 14,133 1.67+0,44
172.5° —-0.9914 2.89+0.70 14.100 2.56 £0.62
170.0° —-0.9848 2.34+0.56 14.053 2.08 £0.50
at 8 177.5° —-0.9991 14.6 £4.4 14.154 13.0 3.9
175.0° —0.9962 10.4+1.9 14,133 9.2+1.7
172.5° —-0.9914 6.6 £1.5 14.100 5,9+1.3
170.0° —0.9848 2.30+£0.71 14,053 2.04£0.64
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FIG. 2. A plot of the elastic pion-proton cross sec-
tions at 4 GeV/c. Near cosf=-1, the data are replot-
ted on an expanded scale to show the shape of the back-
ward peaks. The Michigan data are from C. Coffin,

N. Dikmen, L. Ettlinger, D. Meyer, A. Saulys, K. Ter-
williger, and D. Williams, to be published; the CERN
data are from reference 1.

8-GeV/c cross sections and an « of 11+ 6 (GeV/
¢)~? for the two points at 4 GeV/c. The func-
tion

At
t=0°
is known to fit the forward peak well with 4
=8+1 (GeV/c)™2 for incident momenta from
2 to 18 GeV/c.}»*"® The errors are sufficient-
ly small to conclude that the backward peak
in 8-GeV/c nT-p scattering is narrower than
the forward diffraction peak. This may not
be inconsistent with a diffraction theory,” but
the charge dependence of the backward peak
seems to imply that the backward scattering
may be due to a process more complicated than
simple diffraction.

A model involving the exchange of a neutron
for nT-p backward scattering and of a doubly
charged isobar for 7~ -p scattering could ac-
count for the 7~ cross section falling below
the 7t cross section. Unfortunately, calcula-
tions of single-particle exchange do not agree
with either the height or the width of the back-

do/dt =(do/dt)
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FIG. 3. A plot of the elastic pion-proton cross sec-
tions at 8 GeV/c. Near cosf=-1, the data are replot-
ted on an expanded scale to show the shape of the back-
ward peaks. The CERN data are from reference 6.
The 8-GeV/c data in the forward direction are from
reference 3.

ward peaks.? Allowing multiple-particle ex-
change or making absorptive corrections to
the single-particle exchange® help to bring the
predictions closer to the experimental data,
but further calculations and data are needed
to test the exchange hypothesis.
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The rare decay modes of the n meson,

n-utepT 4y, (1)
n—et+e” +y, (2)
n=-ptep” 3)

can provide a variety of valuable information
about electromagnetic and strong interactions.
In particular, three things can be learned.

(1) A comparison of decay modes (1) and (2),
for the same values of the lepton-pair center-
of-mass energy, tests for a difference between
the muon-photon and electron-photon interac-
tion for timelike virtual photon momenta.

(2) The measurement of the distribution of
events in Reactions (1) and (2), as a function
of lepton-pair center-of-mass energy, yields
the “electromagnetic form factor” of the me-
son. The result can then be compared with the
predictions of SU(3).

(3) The branching ratio for decay mode (3),
R(n— u+ +u~/n—2y), depends strongly upon
the behavior of the n—~ 2y vertex for large vir-
tual photon momenta.

Since it is now fairly certain that the 7 me-
son is pseudoscalar,! the phenomenological de-
scriptions of decay modes (1), (2), and (3) are
completely analogous to that for the correspond-
ing decays of the 7° meson.?™* Assuming conven-
tional quantum electrodynamics for both the elec-
tron and muon, we can write the invariant ma-
trix element for decay processes (1) and (2),

T=leF (@%/m B/m 0"

Xe € KT o). @
u and v are the appropriate spinors for the neg-
ative and positive muons or electrons with mo-
menta p_ and p_, ¢ is the 7 momentum, % the
photon momentum, and € the polarization. @?
=(p,+p_)*. The form factor Fy, is the ampli-
tude for a real n meson to decay into a real
photon and a virtual photon of mass (Q%)¥2. The
factor of m,, the 7° mass, has been introduced
to make F77 dimensionless, and is so chosen

in order to facilitate the comparison of n decay
with 7° decay. Expression (4) for T leads to
the well-known Dalitz-pair decay rate,®

ar + - 20
_m-y+l +l L _
ax T n—=2y\37

with 4mlz/m 2< X=@Q*/m _?<1. The decay rates
for Reactions (1) and (2) are obtained from Eq. (5)
by setting m; equal to the muon-and electron
masses, m and m,, respectively. It is seen

FT’(O)
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2
Fn(X) (X

_4mlz/m 2\ 1/2 X+2m12/mn2
S = Ja-x7, (5)

immediately from Eq. (5) that the ratio of mu-
on to electron Dalitz pairs, for fixed X, is pre-
dicted unambiguously by quantum electrodynam-



