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Measurements of the Asymmetries in the Differential Cross Sections
for pp ~ pp and pp -+ ir n'' Using Polarized Protons*
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(Received Sl January 1972)

We report measured asymmetries as a function of polar scattering angle for the reac-
tions pp- r x+ and pp- pp, using a polarized proton target. The annihilation data, ob-
tained at a p momentum of 1.64 GeV/c, are the first asymmetry data to be collected for
this channel. A fit of these data and published differential cross section data is made by
a partial-wave expansion, and the results are compared with a previous analysis. The
elastic scattering data, obtained at 1.64 and 2.55 GeV/c, are fitted with an eight-param-
eter strong-absorption model.

Using antiprotons incident on a lanthanum-mag-
nesium-nitrate-type polarized proton target, '
we have studied the reactions pp —v m' and pp
-PP. Specifically, we have measured the asym-
metry in the differential cross sections for these
reactions between proton polarization normal to,
and antinormal to, the scattering plane, 2

dv/dQ, —dv/dQ,
der/dQ, +do/dQ.

'

Our annihilation data were obtained with an in-
cident P momentum of 1.64 GeV/c and provide the
first asymmetry measurements for this reaction.
Previous studies of the reaction PP-7I m' in this
momentum range have been measurements of the
differential cross sections in two low-statistics
bubble-chamber experiments, ' measurements of
do/dQ for Icos9„-™I~ 0.96 in a counter experi-
ment, ' and measurements of the folded differen-
tial cross sections in two counter experiments, "
where only Icos~,~' 'l was determined. A par-
tial-wave analysis, ' performed using the counter
data, showed a possible boson resonance with
angular momentum 4= 5 and mass m& =2.29 GeV
(&&,, b =1.60 GeV/c). This analysis, which was lim-
ited by the lack of complete angular distributions,
was dominated by resonant J = 3 and J= 5 partial
waves while J = l, 2, and 3 partial waves were in-
cluded as background.

Our elastic-scattering data were obtained at
beam momenta of 1.64 and 2.55 GeV/c and com-
plement published results of asymmetry measure-
ments. ' In analyzing these data we have used a
diffraction model' with eight parameters and, in
contrast to earlier analyses, have included total-
cross-section measurements' in the fits.

The experiment was performed at the Brook-
haven National Laboratory alternating gradient
synchrotron in conjunction with a previously re-

ported K'P elastic-scattering asymmetry mea-
surement. ' The experimental apparatus was es-
sentially unchanged with the exception of the
beam particle identification counters. A Cheren-
kov counter with a glycerin-water mixture as a
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F1G. 1. Comparisons of measured data with the re-
sults of the fit described in the text for PP-& 7)' at
1.64 GeV/c. (a) Asymmetry measurements from this
experiment. (b) Folded differential cross sections
from Refs. 4 and 5.
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Figure 1(a) shows the asymmetries as a func-
tion of cos8,-' for PP -7t' n' at a beam momen-
tum of 1.64 GeV/c. A total of 350 events have
been collected over the complete angular range.
We could not collect annihilation data at 2.55
GeV/cbecause of the reduced cross sections.
The errors shown in Fig. 1(a) are 1-standard-
deviation statistical counting errors and do not
include the following possible systematic errors:
(1) background subtraction, approximately 2 stan-
dard deviation for each point; (2) target polariza-
tion, approximately 5% of the quoted asymme-
tries; (3) beam normalization, approximately
+ 0.03. We have also investigated possible polari-
zation of the background and of the beam, and
have found these effects to be consistent with

radiator positively identified the antiprotons in
the beam, while a high-pressure ethylene-filled
differential Cherenkov counter was used to veto
residual pion contamination. Fluxes of antipro-
tons were 10 and 6.5&&10 per 10"protons inci-
dent on the production target at 1.64 and 2.55
GeV/c, respectively.

In extracting the signal events from the back-
ground, we calculated two quantities, ~8„and
&6l&, for each event. These quantities were the
deviations of the measured horizontal and verti-
cal scattering angles of the positively charged
secondary particle from the values predicted
from the measured angles for the negatively
charged particle. The charges of the secondary
particles were determined by the sense of bend-

ing of their trajectories in the polarized-proton-
target magnet. The data were analyzed twice:
once for the hypothesis of elastic scattering and

again for annihilation into ~ v . Frequency dis-
tributions of events versus &~~ and &Oy were
then examined to ascertain the numbers of signal
events. "

g(8) = (i/4k)Q, (S„*—S, )P, '(c s o'~).

In the spirit of the phenomenological model of Frahn and Venter, " the parametrization of the S-ma-
trix elements is as follows:

ReS„=g,(t) + a[1 —g, (t)],
ImS„=p,[l —( Re S„)']'~'(t /kR, )"[I+ (t/kR, ) ] ',

zero.
Also shown in Fig. 1 are the results of a fit to

these asymmetries and to the folded cross sec-
tions. " The fit was by a partial-wave expansion
in which the differential cross section and asym-
metry were parametrized by do(8)/d& = (lf(8) I'
+ ~g(8) I' j and &(8) = 2 Im f*g(do/dO) ', respective-
ly, with

5

f(8) = —„g {[J(2J+1)]' S„—[(J+ l)(2J+ 1)]'~2SJ']P~o(cos8„' ),
J=a

2J+ l ij~2 2J+1
g(8) =

4k g J 1 l
SJ'+ J SJ P,'(cos8,-' ');

4k „-, J+1
SJ and SJ are the complex scattering matrix elements for initial states with orbital angular momen-
tum of l=J—1 and 1=4+1, respectively.

In fitting the above parametrization to the data, we chose initial values of S„' to be those values
found in the previous analysis of the folded cross sections. ' The final results of our fit indicate the
necessity of even partial-wave amplitudes comparable in magnitude to the odd amplitudes, and a lack
of dominance by the J= 3 and J= 5 amplitudes. Thus we do not see supporting evidence in our energy-
independent analysis for the possible 4= 3 and J= 5 boson resonances suggested in Ref. 4.

In Fig. 2 the asymmetries for pp -pp at beam momenta of 1.64 and 2.55 GeV/c are shown. The data
sample includes 10000 and 26000 events at the two momenta, respectively. The quoted errors are
again only statistical, with the estimates of systematic effects as stated above.

We have attempted to fit these data with an eight-parameter model which is an extension of the five-
parameter model used in Ref. 6. For simplicity the analysis is performed neglecting isospin decompo-
sition, spin-spin interactions, and transitions in which orbital angular momentum l changes by 2. The
assumptions of time reversal, parity, charge conjugation, and rotational invariance are also made.
The resulting differential cross section and asymmetry are dv/dQ = If(0)l'+2lg(8)t' and P(8) =2 Imf+g
x (d(T/cM) . Sjnce the spin-spin interaction and the &I = 2 transitions are neglected, only the triplet,
J = l + 1 elastic scattering matrix elements S,~ are needed. The scattering amplitudes are then

f(8) = (i/2k)Q, [(I+1)(1—S„)+l(1—S, )]P,'(cos8~' '),
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FIG. 2. Asymmetry measurements for PP-PP com-
pared with fitted results. (a) Results for incident beam
momentum of 1.64 GeV/c. (b) Results for incident
beam momentum of 2.55 GeV/c.
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with t =l+2, g, (t) = (1+exp[(M, —t )/kd, ]3 ', and k

equal to the wave number of the particles in the
center-of-mass system. The eight fitted param-
eters are as follows: R„ the radius of interac-
tion; d„ the skin thickness or diffuseness of the
edge of the interaction region; &, the transparen-
cy of the interaction region for small E values;
p, „aparameter proportional to the real phase
shift for partial waves participating in the inter-
action; and e, a parameter used to adjust the
rate at which ImS, ~ approaches zero as t ap-
proaches zero. The maximum value of E is 10.

The fits to polarizations and differential cross
sections" are shown as solid lines in Figs. 2 and
3, respectively. The parameters used, and X'

values for the fits, are shown in Table I.
The above formulation, with its increased num-

ber of parameters over previous models, was
necessary in order to fit total cross sections
while maintaining reasonable fits to the backward
differential cross sections. A disadvantage of
such an extended parametrization is the increased
number of solutions yielding comparable values
of y'. The parameters shown are part of a family
of values which vary smoothly with energy and
yield fits which approximate the bulk of the exist-
ing data over the momentum range from 1.6 to
2.5 GeV/c.

The large values of y' per number of degrees
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FIG. B. Comparison of fitted differential cross sec-
tions for PP PP with results of Ref. 12. I', a) Incident
beam momentum of 1.65 GeV/c; (b) incident beam mo-
mentum of 2,60 GeV/c.

of freedom, especially at P» =2.5 GeV/c, indi-
cate that this parametrization is inadequate to fit
the totality of data. The fit is approximately cor-
rect for the low-energy point and for dv/dQ and
A. with cose~' &0 for P~,t, ——2.55 GeV/c. Per-
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TABLE I. Parameters for fits to PP elastic scatter-
ing data.

Parameter
Value at
1.6 GeV

Value at
2.5 GeV

R+
d+

R
d
p
p
E

Degrees of
freedom

0, , (Ref. 7)
{fi

1.26+0.08 F
0.28+ 0.01 F
1.0$ + 0.01 F
0.04+0.02 F
0.28+ 0.09

—0.81 + 0.05
—0.05+ 0.01

2.0 +0.29
64

41
97.81+ 0.97 mb
97.50 mb

1.17+ 0.08 F
0.29+ 0.01 F
].0&+0.02 F
0.05 + 0.01 F
0.16+ 0.08

—0.31+ 0.08
0.05 + 0.01
1.2 +0.17

95

BS
81.12+ 0.81 mb
80.4 mb

haps the effects of the simplifying assumptions
made above are being more strongly felt at large
momentum transfers and higher energies, and
the formulation of the amplitudes should thus be
further expanded.

%ith respect to the stability of the radius of
interaction as a function of energy, it is noted
that R is constant while R is not. The diffuse-
ness of the interaction region, d, is greater for
the J= l+ 1 waves, however; and we find that the
rms value of the radius of the distribution func-
tion g, (t) is independent of energy. '3
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Tests for Heavy Lepton Production in Inclusive Neutrino Reactions*
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A phenomenological study is carried out for the production of heavy p-type leptons in
one-particle inclusive neutrino reactions. The muon spectrum is found to be distorted
in a significant fashion from that expected with no heavy-lepton production, and sensitive
tests are presented which serve to signal the fleeting presence of such excited leptons.

The existence of leptons heavier than the elec-
tron and muon is an intriguing possibility which
awaits investigation at the new high-energy facil-
ities. The question of their existence, obviously
fundamental to the formulation of any complete
theory of the weak interactions, was raised again

several years ago by Ramm' (who suggested pre-
liminary evidence for an anomalous r' p,

' interac-
tion) and, more recently, has been considered'
as part of the solution to the K~ —p. +p. puzzle. '
The literature contains many weak-interaction
schemes4 which purport to involve heavy leptons
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