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H. Nicholson, B. C. Barish, J. Pine, A. V. Tollestrup, and J. K. Yoh
California Institute of Technology, Pasadena, CajiIornia 91109

and

C. Delorme, 't F. Lobkowicz, A. C. Melissinos, and Y. Nagashima,
University of Rochester, Rochester, New York 14627

and

A. S. Carroll and R.. H. Phillips
Brookhaven National Laboratory, Upton, New York 11973

(Received 11 July 1969)

Differential cross sections for the reactions pp &+~ and pp %+K have been mea-
sured in the angular region 0.65 & lcos8~ ~ I& 1.0 at 12 momenta between 0.7 and 2.4
GeV/c. These cross sections have been combined with those of Fong et al. for icos8
& 0.70 to give complete folded angular distributions. The data are consistent with reso-
nances in the 4=3 and J=5 states.

In this and the following Letter we report on the
differential cross sections for the annihilation of
antiprotons by protons into two-pion and two-kaon
final states in the momentum interval from 0.7
to 2.4 GeV/c. The angular region covered was
0.65 &(cos8, „, (& 1.0, where the signs of the two
particles in the final state were distinguished
only for the region 0.85 &tcos8, ~ (& 1.0. These
data have been combined with the results from a
previous California Institute of Technology-
Brookhaven National Laboratory' collaboration
covering the angular region (cos8, i

& 0.'l to give
accurate folded [do/dA(8, )+do'/dQ(w-8, )] dif-
ferential cross sections at 13 different momenta. '

This experiment was performed in the partially
separated G-10 beam of the Brookhaven alternat-
ing-gradient synchrotron simultaneously with an
experiment measuring the backward elastic scat-
tering of antiprotons from protons. 3 Antiprotons
were selected using a liquid-radiator differential
Cherenkov counter' as well as time of flight below
1 GeV/c. The flux varied between 5 &&10' and 4

x10 antiprotons/pulse, and the m/p ratio varied
between 1 and 15. The hp/p of the beam was
+2.0%, but a hodoscope of seven counters at the
mass slit gave an effective momentum resolution
of +1.0%.

The apparatus used to measure E'P backward
scattering' was modified to accommodate a 15-
in. -long liquid-hydrogen target, and additional
counters were installed so that this experiment
would overlap that of Fong et al. ' Also additional
counter information was recorded with each
event so that the sign of particles could be deter-
mined for those events which traversed the mag-
net but not the wire chambers downstream of the

magnet.
In the interval icos8, ~ i) 0.96 two-body annihi-

lation events were chosen by three requirements:
(1) Incoming and outgoing particles had to be co-
planar to within 10 mrad, (2) the angle between
outgoing particles had to satisfy proper kinemat-
ics to within 10 mrad, and (3) the momentum of
the forward particle had to agree with the proper
kinematical momentum to within -60 MeV/c.
Outside this interval only requirements (1) and
(2) could be used. Accurate vertex definition
(&5 mm) eliminated the need for emply-target
subtraction.

In this experiment the analysis programs and
spark-chamber system parameters were similar
to those used in the K'p backward scattering ex-
periment. ' A Monte Carlo calculation was used
to obtain solid angles and to correct for outgoing
meson decays, multiple scatters, and nuclear
interactions in the hydrogen target and detection
system. We believe that the absolute normaliza-
tion is known to +10%%uo, and any remaining sys-
tematic error varies slowly with momentum. Ad-
ditional confidence in the normalization is gained
by the good agreement of this experiment and
that of Fong et al. ' in the region of overlap.

In Fig. 1 we show the folded differential cross
sections for (a) two-pion annihilations and (b) two-
kaon annihilations. The energy dependence of the
two-pion annihilation cross section is the most
striking. At the lowest momenta there is a fairly
simple distribution with peaks at icos8, (=0.0
and 1.0. At 1.45 GeV/c a second dip begins to
appear at [cos8, i=0.85, and then up to 2.0 GeV/
c there are two very pronounced dips which
change with energy. This double-dipped distri-
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bution is also seen in the energy-averaged data
of Chapman et al. ' Finally, at the highest mo-
menta the peak at

~ cos0, ~ (= 0.0 rapidly falls
away. The two-kaon annihilations also show

prominent energy-dependent changes, particular-
ly in the vicinity of 1.0 GeV/c. However, the

two-kaon channel does not develop the double-
dipped angular distributions observed for the two-
pion channel. Since there are no 6-parity re-
strictions on two-kaon final states there are
twice as many states in the K channel, and the
apparently simpler distributions may be the re-
sult of cancellations which do not occur in the
two-pion channel.

We have fitted the folded differential cross sec-
tions with a series of even orthogonal (Legendre)
polynomials,

dg dodn"- 'dg("-'-)

~zpz(cose, ), f even,

since odd terms cannot contribute to the folded
distributions. Between four and six terms are
needed to fit the two-pion annihilations, and be-
tween three and five terms are required for the
two-kaon annihilation. Chi- squared probabilities
of the fits were always greater than 5%. These
fits are indicated by the dashed lines in Fig. 1.
The first term of these expansions when multi-
plied by 2w yields the total cross section for the
two-body annihilations, which are shown in Fig. 2

along with results from other (bubble chamber)
experiments. ' ' In Fig. 3 we show the higher
coefficients of the Legendre-polynomial expan-
sions for the two-pion and two-kaon channels. In
both cases we note strong momentum-dependent
behavior.

The two-pion angular distributions shown in

Fig. 1 seem to indicate the dominance of one set
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FIG. 1. Folded differential cross sections [do/da(8, ~&

+do/da(w-Oo~)I for pp 7l+n and pp K"K at six
representative momenta between 0.7 and 2.4 GeV/o.
All errors shown are statistical. The dashed curves
through the data points are the Legendre polynomial
fits described in the text.

P Ipb GeV/c PIpb GeV /c

FIG. 2. Total cross sections for PP ~ ~ and pP
K E from this and other experiments. The Michi-

gan data are contained in Ref. 6, and the remaining
points are listed in Hef. 7. The dashed curve in (a) is
the resonance fit discussed in the text.
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of states below 1.0 GeV/c and another set of states above 1.7 GeV/c with interference in between. The
fall of the a, and a4 coefficients, the negative dip in the a, coefficient, and the peak in the a, coefficient
also reflect this picture. Therefore we have attempted to fit the two-pion folded cross section with
two direct-channel resonances and constant backgrounds. Charge-conjugation and parity invariance
permit only the triplet pp states with L =J'+ 1 to couple to a two-pion state of angular momentum Z.
The differential cross section in this case is given by'

(2)

where the A J and BJ are real numbers which de-
scribe the partial widths from the initial states
with orbital angular momentum J-1 and J+1, re-
spectively, to the meson resonances of spin J.
The masses (m~j) and widths (I'&) of the reso-
nances are contained in the e&, where eJ=(m~J'
-s)/m& I'z with s equal to the square of the total
center-of-mass energy. "A J' and B&' are the
constant complex background terms.

2.0
I

I

100

80—

+S (GeV/c)
2.2 2.4 2.6

I
I

I I I I I I I I I I I I I I I I I I

pp~ KK

20—

0,
60 —"

Ih,

40—
Vl

Ll
~ 20-

0,

a2

~ —-4

~t t.

02

~ t tt ~ ~ ~

~ ~ ~ t ~ t

-20—

ae

ah tt ~
6

20'-

0,

-10—

~ 8

8

a ---- ~ ~ t
IO

ae

Cs s -s t
T t

I I I I I I I I I I I I I I

0.6 1.2 1.8 2.4 0.6 1.2

P„b Gev/c)

I I I

1.8

Plab GeV/c)

I I

2.4

FIG. 3. Legendre coefficients from fits to the folded
differential cross sections. The error bars are calcu-
lated from the diagonal elements of the error matrix.
Some of the higher coefficients at the lower momenta
are not statistically significant but are included for
completeness. The dashed curves in the ~m case are the
resonance fit discussed in the text.

We attempted to fit the folded cross-section da-
ta with the above expression. A least-squares
minimization program was used and we found
that, for a variety of trial starting conditions,
the main contribution to the data came from a J
=3 and a J=5 state. This result, surprising at
first in view of the peak in the a, coefficient, is
due to the fact that the spherical harmonics Y,'
and Y,' can interfere to give a term similar to
( Y,'i' without the strong peaking near icos8,
=1.0 characteristic of this polynomial. To ob-
tain a quantitatively acceptable fit we included
background terms in the J=1, 2, and 3 partial
waves.

The results of this fit are shown by the dashed
curves in Figs. 2 and 3 and have been obtained
with a 4=3 resonance at P „b =1.12 GeV/c (m„
= 2.12 GeV, I"=0.249 GeV), and a /= 5 resonance
at p»b =1.60 GeV/c (m~ =2.29 GeV, I"--0.165
GeV). Since these resonances decay into two
pions, it follows that I= 1, P = -1, and t" =+1.
Fits using more complicated forms for the ele-
ments of the scattering matrix given by Eq. (2)
are presently under investigation. "

It is also important to note that our fit is only
to the folded distributions. In the following paper
(see Fig. 2) we present and discuss the results
from the annihilations in the forward-backward
region, icosII, () 0.96, for which we could iden-
tify the charge state of each meson. " These data
show no evidence for resonance formation except
for a shoulder at 1.8 GeV/c in the PP —w'm chan-
nel. Between 0.7 and 1.9 GeV/c the forward-
backward asymmetry oscillates but is never
greater than a factor of 2 indicating the domi-
nance of states of the same parity. However,
above and below this momentum range the for-
ward-backward asymmetry is very large, as can
be seen from our experiment and the data of Biz-
zari et al. ' It is therefore clear that a complete
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fit to the reaction pp —w'w must eventually re-
produce this asymmetry.

The channel pp -K'K exhibits Legendre coef-
ficients which are similar to those of the pp-
w'it below 1 GeV/c but not at higher momenta. "
The total cross sections for both the m'm and
K'E channels are shown in Fig. 2 and can be
fitted with straight lines depending on energy as
s "for n'm and s ' for K'E . Nevertheless
the m'7t total cross section does manifest should-
ers near P„b 1.0 and 2.0 GeV/c which may be as-
sociated with the above-mentioned resonances.

Boson resonances in this energy region have
been reported by the CERN missing-mass spec-
trometer group'; they are the T and U reso-
nances with widths less than 0.015 and 0.024 GeV,
respectively. While our data do indicate that
these resonances couple very weakly to this pp
channel, it is possible that our energy resolution
is too coarse to reveal their presence. "

Similarly, enhancements have been observed in
PP total cross sections by Abrams et al." Two
enhancements are found in the I=1 channel at M
=2.190 GeV, F=0.085 GeV, and M=2. 345 GeV,
I'=0.140 GeV. The position of these resonances
is within 0.070 GeV from our mass determination
but the width of the lower resonance is signifi-
cantly larger in our case. Nevertheless, in view
of the uncertainties involved in such determina-
tions for both experiments, further analysis is
needed to establish a connection between these
two results.
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