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[see J. N. Bahcall aud S. C. Frautschi, Phys. Lett.
2eB, sss (1ess)j.

A possible role for a massless pseudoscalar field
in CP-violating interactions has been proposed by
F, Giirsey and A. Pais, unpublished.

5The most severe limit that %e kno% for m is & 60
BV, given by K. Bergkvist, in Top~euE Conference or&

8'elk Intemetions, CERN, Geneva, Switzerland, 14-
17Jueea&y 1~69 (CERN Scientific Information Service,
Geneva, 8%itxerland, 1969), p. 91.

6The lifetime for processes (i) aud (ii) would be pro-
Portional to mp E. SPecifically, for Process (i), %ith
@=&(4p4p)q')p, &=3(2 &3)mp 4k ~E. ID order to have in-
stability in oux' sense one mould need R fairly strong in-
teraction ( electromagnetic interactions) %hich, ho%-
ever, cannot be excluded by present data on muon de-
cRy. The lifetiIQB fox' process (iii) is proportional to
~p @» %hlch vfould I'BquiI'es fox' instability iD our
sense, a very strong interaction that can be excluded
by px'BSBQt dRtR.

%8 refer to the accu1Rte 8 spectI'R used fox' R deter-
IniQRtioD of the p VRlue. Fox' R list of references s see
M. Boos et cl. , Phys. Lett. 338, 32 (1970).

The Hb experiment %'Rs fix'st px'oposed by A. %.
Sunyar and M, Goldhaber, Phys. Bev. 120, 871 (1970);
the Li experiment by J, N. Bahcall, Phys. Lett. 18,

QQ2 (1964); and the P-e scattering experiment by
F. Beines and W. R. Kropp, Phys. Rev. Lett. 12, 457
(1964). The counti. ng I'ates given in Table I have been
calculated in the usual %ay by averaging the relevant
Deutrino Rbs01ptloD cross section ovBI' the neutrino
spectrum of each P-decay source [see J. N. Bahcall,
Phys. Bev. 135, 8187 (1964)]; the cross sections used
%ere taken from J, ¹ Bahcall, Phys. Lett. 18, BM
(1964), and Phys. Hev. Lett. 28, 251 (1969); and G. V.
Domogatsky, Lebedev Institute Report No. 153, 1971
(unpublished).

Most of the expected lo%'-enelgy neutrinos Rx'6 from
the basic reactions p+p 8+e++P~ Rndp+8 +p 28
+ P~. The ast&ophysicgE basis for expecting the calcu-
1Rted DuIQI38r of these lo%'-energy Qeutx'inos is very
secure; the calculation depends mainly on the mea-
sured solax' luminosity and the fact that four protons
Rx'8 25 MBV heRvier than RD A pRI'ticle (see Ref. 1 RDd

other I'eferences cited therein).
This COOM hRPPens for BXRIPleq if P = Pp (or P = Pp)

RDd muon neutrinos Rre scRttered by electrons s Rs px'6-
dieted by some vex'sions of vreak-interaction theory;
see S. Weinberg, Phys. Bev. Lett. 19, 3.264 (1967);
8. L. Glasho%, J. Qiopoulos, and L. Maiani, Phys. Hev.
D 2, 1285 (1970); G. t Hooft, Phys. Lett. 87B, 195
(1971).
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We study nv scattering in the reactions n p nx+~ aud n+n -pn+v at 7 GeV/c using
the RbsolptioB. -modified one-pion-exchaHge formalisIQ. Fitting the 'rF RIlgular distribu-
tions %'8 obtain 8 s I g Rnd D %'Rve lt'F phase shifts RIld lllelasticities for 0.6&PI(1f2f)& 1.5
GeV/c2. We find an I=0 S-Wave resonance with M =1.25 +0.04 aud 1 =0.3 +0.1 GeV/c2.
Support for our phase shifts in the f mass region is obtained from data on n+n pA+E
and n+n-pron at 7 GeV/c.

%bile r& scattering in the po resonance region
has been studied by many authors, ' there have
been relatively few such studies in the f' mass
region. Previously, Oh ef, aE.2 determined &r
phase shifts for 0.6 ~M(») ~ 1.4 GeV/c' by fitting
the sm angular distribution in &N -Ns& at 7 GeV/
c. Beusch e I, aE. ' have studied the I= 0 S wave
(5s') in the S*(1060) mass region by examing in-
elastic && scattering in the reaction ~ p -IKt, n
at 4 and 6.2 GeV/c. The Aachen-Berlin-CERN
collaboration of Beaupre et aE.' determined 5,
near the f'peak in &'p-4 n & at 6 GeV/c. In

m p -nm'm, 4191 events;

z+d -p,p~+n, 6654 events.

(1)

(2)

this work we direct our attention to the di-pion
mass range 1.0-1.5 GeV/c' where we observe an
8-wave resonance at 1.26 GeV/c' near the f'
peak.

Our data were obtained from two exposures of
the Midwestern Universities Research Associa-
tion-Argonne National Laboratory 30-in. bubble
chamber to 7-GeV/c pions. These experiments
yieMed 10845 &+r events in the channels
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w d~p pw 1T (3)

Since most 2n' events did not yield four observed
) 's (single-y conversion probability = 0.7 for
E

&
& 1.0 GeV), we use a procedure for obtaining

approximate information on the r' directions for
events with 1-3 y's. ' The yy opening angle for
w' decay satisfies the inequality tana 8 ~ p, /p„;
and the opening angle distribution is sharply

The w p data are from the work of Oh ef al. ' The
w'd data have been discussed previously' ' (we
require I P, I & 0.3 GeV/c). The combined w'w

mass distribution for Reactions (1) and (2) shows
strong p and f' resonance production and a weak-
er g' signal. The four-momentum transfer to the
nucleon (t) and the ww angular distributions are
practically identical for the w p and w'd data.
One half of the ww scattering-angle [cos(8,„)]dis-
tributions are plotted in Fig. 1. The azimuthal-
angle (y) distributions in the f0 mass region are
isotropic.

For the r+d experiment the 30-in. bubble cham-
ber had two ~-in. Ta plates mounted at the down-
stream end of the chamber, allowing study of the
reaction
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FIG. 1. Cos(8«) distributions for w p sw+w and

w+s pw+w at 7 GeV/c. Central values are shown for
the 40- (or 20-) MeV/c2 bins in M(w+w ). The solid
curves show the results of the AOPE-model fits.
Cose« =n„g„).n~~«t) and is thus the usual definition
of the ~-~ scattering angle or "Jackson" angle in the
di-pion rest frame.

peaked near 8 ~„. We fit the 2-3 y events using
artificial &0 tracks constrained to lie on cones of
half-angle -1.258~1„/2 about the measured y di-
rections. This procedure has been verified by
Monte Carlo studies. ' Figure 2(a) shows the dis-
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tribution of M(m'm') for fitted events with 1-4 y's.
There is some g' and ~' signal since our proce-
dure does not discriminate against Sr and m~y for
M(~m) 6 1.0 GeV/c'. The 2v' angular distributions
from 0.8-1.35 GeV/c' are also plotted in Fig.
2(a). The mass bin 0.8-1.0 GeV/c' shows some
D wave, and there is a strong D-wave signal at
the fo peak.

We have also studied at 7 GeV/c the reaction

+d-'p, pK+K .
A Vidicon device, which measures relative ioniza-
tion, has been used to enhance the K identifica-
tion. " The 1Vl(K'K ) distribution plotted in Fig.
2(b) shows some S*(1060) structure and a broad
peak from 1.225 to 1.325 GeV/c' in the f '-4, mass
mass region. The Jackson and Treiman-Pang
angles for the K K data are also shown in Fig.
2(b).

The method of our «phase-shift analysis is
similar to that of Oh et al. ' %e use the absorp-
tion-modified one-pion-exchange (AOPE) forma-
lism of Durand and Chiu. " For the ~+r data
with It I&0.3 (GeV/c)', the cos(8,„) and y distri-
butions are fitted simultaneously with the m~

phase shifts and inelasticities (5,~, q, ~) as the
only free parameters. The overall normalization

is fixed so as to maximize the agreement between
the resulting values for 6~' and the prediction of
a Breit-Wigner resonance form near the f peak.
We take M&0=1.28 and F&O=0. 2 GeV/c' as deter-
mined from a fit to the r'm data with the usual
relativistic Breit-signer resonance forms" and
a peripheral 2r phase-space background. To ob-
tain values of 6~' at the p' peak in good agree-
ment with a P-wave Breit-signer resonance
form, we must use a normalization 13% larger
than that found at the f' peak. The loss of events
in the f' region probably has to do with the pres-
ence of the extra nucleon rather than natural-par-
ity exchange. "

In fitting the &+m data the I= 2 parameters are
fixed at values determined from the reaction

v p p1r -7r'.

For M(n'm) &1.2 GeV/c' we use the I= 2 phase
shifts of Baton, I aurens, and Reignier' obtained
from Reaction (5) at 2.77 GeV/c. At larger
M(vv) the I = 2 parameters have been determined
by flttlng the & & angular dlstrlbutlons Hl our 7-
GeV/c data. ' The resulting values for rIz', 5~',
and 5~ are plotted in Fig. 3 along with the re-
sults of Baton, Laurens, and Reigner in the low-
er-mass region. The data are consistent with
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i)~'=1.0 below 1.5 GeV/c'. Our 7-GeV/c data
favor the results of Baton, Laurens, and Reigner
for 1.0&M(s w') & 1.2 GeV/c' as opposed to a solu-
tion with 6~'= —30' and a smaller value of 6~'.

The phase shifts 5~', 6~', and 6~ and the cor-
responding inelasticities are plotted in Fig. 3 for
0.6&M(ns) &1.5 GeV/c'. We find 5z'=1'+5 at
M(«) = 1.44 GeV/c' and no E wave at smaller»
masses. The curves in Fig. I show a sample of
the resulting fits to the cos(8„) plots. The azi-
muthal distributions in both the p' and f' mass
regions are also described well by the model.
The sharp backward peaking in cos(8«) for mass
bins between 0.98 and 1.14 GeV/c' is seen to be
a P-D interference effect, i.e., a fairly constant
I'wave interfering with a rising D wave. This
same result was found by Oh ef, a/. ' The dip in
5z' at M(s'n) ~1.0 GeV/c' (near KZ'threshold) is
in qualitative agreement with the "down" solution
of Baton, Laurens, and Reigner. ' Our results
do not, however, completely rule out the possi-
bility that 6~' rises very rapidly through 90' near
1.0 GeV/c' since the statistics are weak in this
mass region. We observe 68' rising through 90'
in the f' peak region. This result seems to us to
be quite unambiguous in spite of the presence of
several potentially contributing partial waves.
The situation is somewhat simplified in that the
P-wave amplitude seems to be very small in the
1.2 1.4 Ge-V/c' -mass range. The I = 0 D wave
must be fairly well described by a Breit-Wigner
resonance form in the range below 1.3 GeV/c~.
The lack of the hump in the middle of the angular
distribution tells one immediately that the 8-wave
amplitude is nearly in phase with the Dwave and,
in fact, close to the unitarity limit.

We have tried to extrapolate the ratio of counts
in the polar to equatorial regions of the angular,
distributions to the pion pole. Within our statis-
tical accuracy (-20%) we find no variation of this
ratio between it I values of 0.02 and 0.15 (GeV/
C)2

Although our angular resolution is not as good
for the 2r system, we find qualitative agreement
with the r+m" results, The 2& angular distribu-
tions are fit with ~z' and ~D' free to vary, and
all other parameters fixed as determined by the

data. The results for 5~'and 6z, are con-
sistent with 5s' rising through 90' near the f'
peak.

The I = 0 D wave is seen to be significantly in-
elastic at and above the f' peak. Similar results
were obtained by Oh et al. ' From a study of non-
2w f' decay modes, we estimate gs'=0. 80+ 0.05

at the f' peak, a value within errors of our m+n

fitted results. "' We do not understand the siza-
ble inelasticity in the P wave above the p peak.
Although the AOPE-model fits persistently gave
q~'&1.0, the low statistics in the mass range 0.9-
1.0 GeV/c' do not rule out an elastic P wave.

The K+K mass spectrum [Fig. 2(b)] qualitative-
ly supports the phase-shift analysis. There is a
rapid rise at M(K+K") =1.225 GeV/c'. The Jack-
son-angle distribution in this mass range is con-
sistent with isotropy. Interpretation of the K K
angular distributions is complicated by contribu-
tions from both A,' and f decay. We estimate
1.9 p, b (-10 events) and 7.6 pb from A, ' and f'
decay, respectively. " These data as well as
those of Beusch eI; al. ' give evidence for a strong
S-D interference near the f', indicating the im-
portance of the 8 wave in this mass region. The
K'X data show a strong D-wave signal only
above 1.3 GeV/c'. This supports our contention
that the I=0 D wave becomes quite inelastic in
the mass range above 1.3 GeV/c'.

In conclusion, we observe an S-wave resonance
in the f ' mass region which seems to be nearly
elastic. We note that the mass of this resonance
is quite close to that of the f' and consequenctly
it qualifies as a member of a daughter trajectory. "
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in 2 -3' in the laboratory frame. For additional dis-
cussion of the fitting procedure, see Ref. 7.
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New data are presented on longitudinal and transverse momentum spectx'a of A and @&0

produced in pp- A+ anything and pp- K',0+ anything at 13, 18, 31, 94, and 28 GeV/c.
The A spectra. show little variation with energy. The g &

inclusive cross section in-
creases by -5~ over our energy range, indicating that for this process the threshold
for scaling and limiting fragmentation may be above 30 GeV/c. Tests of Mueller-Regge
phenomenology are discussed.

Experimental studies' demonstrate that single-
pion inclusive spectra become energy indepen-
dent, or nearly so, at lab momenta well below 30
GeV/c. This success at low energy has led to
broad acceptance of the concept of limiting behav-
ior in inclusive processes. " Based on the work
of Mueller, 4 more detailed Regge-pole analyses
have also been proposed. ' Estimates have been
made for the rate at which 1irniting behavior
should be attained; these predictions have met
with success, again for pion production. " How-
ever, little information has been available up to
now on energy dependence or shapes of inclusive
spectra of K, A, or of other heavy produced had-
rons. ' ' In this note, we present new data on the
longitudinal and transverse momentum spectra of
A and K,' produced in reactions PP -A+ anything"
and pp-K, +anything at 13, 18, 21, 24, and 28
GeV/c. From the point of view of testing limiting
behavior" and Mueller-Regge phenomenology, 4'
the value of a systematic comparative study of

single-par ticle distributions for several incoming
energies cannot be ovexemphasized. '

Data were obtained from a total of 75 000 pic-
tures taken at the Brookhaven National I abora-
tory 80-in. hydrogen bubble chamber. At each
momentum, the beam flux corresponds to about
0.5 evellts /ilb. Evellts witll OIle ol Illol'e visible
vees, independent of the primary interaction to-
pology, were scanned and measured. The resul-
tant efficiencies for scanning and measuring
were 98 and 87%, respectively. Of the final sam-
ple of vees, after kinematics and ionization com-
parisons were applied, 97% of the A sample and
95% of the E,' sample were identified uniquely.
Utilizing the forward-backward symmetry in the
c.m. , we determined that 13 and 17% of the for-
ward A's were lost at 13 and 28 GeV/c, respec-
tively, principally because of the peripheral na-
ture of A production. The A data presented here,
with the exception of Fig. 3, are only for events
with x &0 (x =2P~, /Ws, where P~, ~ is longitu-


