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m P ELASTIC SCATTERING NEAR 180' AT 8 AND 16 GeV/c*
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We report differential cross sections for m p elastic scattering near 180' at incident
pion momenta of 8 and 16 GeV/c. For I u~ & 0.5 (GeV/c) the formula da/du =A exp(Bu)
fits the data very well. At 8 GeV/c, 4=3.75+0.35)4b/(GeV/c) andy=3. 16+0.24 (GeV/
c) . At 16 GeV/c, &=-0.91+0.13 pb/(GeV/c) and g =4.23+0.40 {GeV/c) . A Regge-
pole model fit to these data gives for the &~ trajectory n(u} = (-0.06 + 0.12}+(0.8+0.3}u.

Several years ago the importance of precise
measurements of backward m P elastic scatter-
ing at high energy was stressed as a test of the
Regge model. ' Since a doubly charged baryon
must be exchanged in this model, only the 4g
trajectory contributes and the characteristic
Regge "shrinkage" was predicted. Experiments
at that time and more recently have shown a
"backward peak" in high-energy (5- to 16-GeV)
s' P elastic scattering at pion scattering angles
near 180'. Recent attempts to fit these data in
terms of Regge-pole' and quark models, 4 and to
systematize the energy dependence of two-body
reaction cross sections, ' have emphasized the
need for more accurate data at the highest avail-
able pion energies. We have, therefore, mea-
sured the differential cross section for backward
elastic scattering, viz. ,

(&) p (s) p (3) (4)

at incident pion momenta of 8.0 and 16.0 GeV/c
with improved precision. (The subscripts are as-
signed for the purpose of labeling dynamical pa-

rameters hereafter. ) This experiment, per-
formed at the Brookhaven alternating-gradient
synchrotron (AGS), covers a range of the four-
momentum transfer squared (u) given by

-0.40 ~u-+0. 12 (GeV/c)s at 8.0 GeV/c

and

-0.73 - u - -0.10 (GeV/c)' at 16.0 GeV/c,

where u =(p, -p, )2 and pf is the four momentum
of particle i.

The method employed was the missing-mass
technique. By measuring p, and p, with high pre-
cision, it was not necessary to measure p4 as in
previous experiments. ~ Elastic events are those
for which the square of the missing mass, W

=[/, +p, -p, I', lies in the peak at W'=m)T' as seen
in a typical missing-mass spectrum such as
shown in Fig. 2(a).

The apparatus is shown schematically in Fig. 1.
The negative pions were produced at the F-9 tar-
get (beryllium) of the AGS near 0' to the 28-GeV/
c internal proton beam. The beam transport sys-

AQ$
INTERNAL
PPOTON

BENDI NG MAGNETS

FIRST
FOCUS

MOMENTUM

K p

BEAM C
SYSTEM

RECOIL
SPECTROMETER

BEAM v s~
RATION

, II,),&AS

WIRE
I TARGET WIRE

CHAMBERS ~ CHAMBERS—

APERTURE
COUNTER

T

QUADRUPOLE MAGNETS

NOT TO SCA LE
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tern accepted a 3% momentum bite, focusing the
beam onto a scintillation-counter hodoscope (mo-
mentum hodoscope), where each hodoscope coun-
ter had a momentum resolution of +0.25%. The
beam was refocused further downstream onto a
liquid-hydrogen target 36 in. long and 6 in. in
diameter. An angle hodoscope in the incident
beam measured 6', to +0.8 mrad. The beam
Cherenkov system (three threshold counters)
identified m 's, K 's, and P's in the incident
beam. The pion beam thus defined was 99.8%

pure and had an intensity of 6x10' pions/pulse
at 8 GeV/c and 10' pions/pulse at 16 GeV/c with-

in a 1.0&&1.5-in. ' spot at the hydrogen target.
The digitized wire spark-chamber spectrometer
situated before the hydrogen target was used to
calibrate the momentum and angle hodoscopes.

The scattered particle spectrometer located
after the hydrogen target subtended a laboratory
solid angle of 0.4 msr and had a momentum ac-
ceptance, &P/P, of 50%. This spectrometer was
a new version of the one used in a previous ex-
periment. '~' It used wire chambers (with ferrite
core readout) as large as 1&&3 ft' having a spa-
tial resolution of al/80 in. in x (horizontal) and

+1/40 in. in y (vertical). These chambers had

both x and y coordinates read out from the same

gap resulting in fewer planes and a higher over-
all system efficiency. ' This spectrometer deter-
mined P, and &, with a resolution of +0.25% and

+0.2 mrad, respectively. A threshold Cherenkov

counter 70 ft downstream from the hydrogen tar-
get separated m 's and K 's from the protons.

These spark chambers had resolving times of
1 p, sec and the whole system had a dead time of
2 msec. Events were stored sequentially in a
buffer memory which was read out at the end of
each AGS pulse into a PDP-6 computer for a par-
tial on-line analysis, and in parallel onto magnet-
ic tape for a permanent record to be completely
analyzed off line at the Brookhaven National I ab-
oratory (BNL) CDC 6600 computer. For each
event P„e„P„6„andW were calculated on
line. During data taking the system performance
was monitored on a display scope. At about 1-h
intervals a summary was printed out which in-
cluded histograms of differential cross sections,
beam characteristics, and information on the
performance of the wire chambers. In this ex-
periment event rates ranged from 1 to 60 per
AGS pulse and the recoil spectrometer efficiency
was 80%. The overall resolution in W at 8 and

16 GeV/c for W' = m~s was +0.059 and a0.075
(GeV/c')', respectively.

The number of elastic events recorded at 8

GeV/c was 1840 and at 16 GeV/c 950. Differen-
tial cross sections obtained by integrating the
peak in the missing-mass spectrum [see Fig.
2(a) j in each angle bin are listed in Table I and
shown in Fig. 2(b) along with the results of Bro
dy et al. and Ashmore et al. The lines through
our data are the result of a least-squares fit of
the form dv/du =A exp(Bu) to data with u ~ -0.420.
The values of A, 8, and the total backward cross
section, defined as o'=(A/B) exp(Bu, «.), are also
listed in Table I.
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Table I. do'/du (pb/(GeV/c)2] vs u (GeV/c2) for x P
backward elastic scattering. The values of the least-
squares fit to do/du =A exp(Bu) are also given. The to-
tal backward elastic cross section is defined as o = (A/
B)exp(Bu&80'). See text for an explanation of errors
quoted here.

Incident momentum 8.0 GeV/c
+0.012 3.83 + 0.48
-0.005 3.56 + 0.32
-0.031 3.44 + 0.39
—0.061 3.37 + 0.43
-0.096 2.75 + 0.20
-0.136 2.46 + 0.37
—0.181 2.32 + 0.24
-0.214 1.80 + 0.18
-0.267 1.49 + 0.19
-0.324 1.51+ 0.12
—0.396 0.97 + 0.10

Incident momentum 16.0 GeV/cb
-0.095 0.557 + 0.071
-0.131 0.547 + 0.054
-0.186 0.376 + 0.046
-0.250 0.340 + 0.033
-0.322 0.256 + 0.023
-0.420 0.138+ 0.015
-0.556 0.075 + 0.011
—0.730 0.053 + 0.011

aA=3.75 +0.35 pb/(GeV/c)2, B=3.16+0.24 (GeV/c)2
o = 1.38+0.14 p,b.

bA=0. 91 +0.13 pb/(GeV/c), B =4.23+0.40 (GeV/c),
o.= 0.24+0.03 p,b.

The errors on the data points in Fig. 2(b) and
Table I include statistics and angular-dependent
uncertainties in the background subtraction. The
quoted errors for A, B, and 0 include, in addi-
tion, a 10'%%uo uncertainty in the relative normaliza-
tion of the 8- and 16-GeV/c data. The data have
been corrected for target-empty background
(3 /o), muon contamination in the beam (3%), nu-
clear absorption in the target (13'%%uo) and in the
spectrometer (5%), and inelastic background
(10%). There is an additional uncertainty of
+20% in the overall absolute normalization of our
data which is not included in the errors quoted in
the abstract, Table I, and Fig. 2(b).

An independent check of our system, which
demonstrated the absence of biases, was ob-
tained by reversing the polarity of the scattered-
particle spectrometer magnets and measuring
forward elastic m P cross sections with the

same geometry. Our forward differential cross
sections are in good agreement with published
values. '

Our data are consistent with a simple exponen-
tial behavior of the cross section in the region
of u studied and they confirm the previously ob-
served rapid energy dependence of the total back-
ward elastic w P cross section. In addition, our
results are consistent with an energy dependence
in the slope of the differential cross section
("shrinkage"). Finally, our data do not show the
decrease of the cross section near u =0 suggest-
ed by Ashmore et al. ' and are in disagreement
with the absolute normalization of Brody et al. '
by a factor of 10.

If direct-channel contributions to backward
scattering are assumed negligible, the Regge-
pole model predicts backward m p cross sections
of the form do/du =K(u)s +(u) 2, where s is the
total center-of-mass energy squared, and n(u)
is the real part of the ~g Regge trajectory asso-
ciated with the doubly charged baryon exchanged.
Assuming a trajectory of the form n(u) =a+ bu,
a fit to our data gives n(u) = (-0.06+ 0.12) + (0.8
+ 0.3)u. The Chew-Frautschi plot" of the known
I= —,

' isobars gives n(u) =0.1+0.9u, in reasonable
agreement with our results.

Assuming that (do/du)(u =0) is proportional to
Plab ", then our data at 8 and 16 GeV/c give n
=2.0+0.2. A recent survey' of previous data on
the energy dependence of two-body reactions in-
dicated n =4 for this reaction in the range 1
- Plab-8 GeV/c. Thus, our data suggest a less
rapid decrease in the cross section above 8
GeV/c.
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for design and construction of the wire cham-
bers), and the Physics Design Groups at BNL
and Carnegie-Mellon University. We are partic-
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and

A comparison of the reactions yp m+g and m-p po~ at 4 and 8 GeV/e has been made
using the vector-dominance model. Although the p data are insufficient to show the very
narrow forward peak observed in the photoproduction data, agreement is obtained to with-
in errors for

~ t~ 0.1 (GeV/c) . Taking interference effects into account, this agreement
can be extended to

~ t~ = 1.5 (GeV/c)~ at 4 GeV/c, but only to 0.3 (GeV/c)2 at 8 GeV/c.
The reactions Various modifications to the ratios have been

proposed' but the V=p' amplitude of Fig. 1(a) isy -r'n
expected to be dominant, in which case the rela-
tion between processes (1) and (2) becomes'~'

(2)

(where V' is a mixture of p', cu, and y) can be di-
rectly related to one another in the vector-domi-
nance model' by time-reversal and isospin in-
variance as shown schematically in Fig. 1. The
z-ray-vector-meson couplings y~ can in princi-
ple be obtained from the leptonic decays V'- l l
up to now only the decays p'- e+e and p'- p,

+
p.

have been well measured, giving

y '/4 =0.45
P 7T

with perhaps a 20% uncertainty. s The couplings
y~ and y& can be estimated using SU(3) with the
usual ~cp mixing angle' (cos& =&/):

y 'y 'y 2=91 2
P (d
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da + me hei der — 0
dt (yP —& n) =

2 pxi (f) d, (~ P -P n),
p

where we will take wn/y&'--I/250 and p» (t) is
the helicity density matrix' giving the fraction of
p mesons with helicity +1 at momentum transfer

M y e / 2. y' y

(b)

FIG. 1. Feynman diagrams showing the relationship
between Reactions (1) and (2) in the vector-dominance
n10del.


