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Reaction X-p ~ X-p~+~- at 2.0 Gev/c*

P. M. DAUBER, $ P. E. SGHIRIN, W. E. SLATER, AND H. K. TIcno
Departmertt of Physics, UNiversity of Catiforrtia, Los Angeles, Cafeforrtia

(Received 29 October 1966)

An analysis of the reaction E p —+ E Pm+~ at 2.0-GeV/c incident momentum is presented. The total
cross section for the reaction is 627+20 pb, based on 4519 events. The reaction is dominated by resonance
production through several channels which overlap kinematically but do not appear to interfere substantially.
A maximum-likelihood procedure was used to determine the production fractions, which for the major chan-
nels are 0.44&0.02 for N~++(1236), 0.145&0.02 for F*e(1520), 0.10&0.03 for ¹+(1688),and 0.20+0.02
for simultaneous E*N*0. Evidence is presented for the production of Y*+(1765)and its decay into Y*0(1520)
as well as for production of Y*+(1660) with decay into E P2l.+. A four-standard-deviation enhancement
is present at a E 2f-+ invariant mass of 690 MeV. Angular correlation data are presented for the N*++E 7f—,
Y*'21+~,and E*'N*' reaction channels. However, the difhculty of separating the various channels prevents
a detailed study of the reaction dynamics.

I. INTRODUCTION

A STUDY has been made of the reaction

E E +

at an incident momentum of 2.0 GeV/c (2234-MeV total
center-of-mass energy). Data on X p ~Z1V2z. reac-
tions have been previously presented for momenta be-
tween 1.2 and 1.7 GeV/c, ' at 1.80 GeV/c, s 1.95 GeV/c, '
2.24 GeV/c, ' 2.63 and 2.70 GeV/c, ' and 3.0 GeV/c. '

In the analysis reported here it is found that reaction
(1) proceeds through several resonant intermediate
states with comparable partial cross sections. The re-
action is a copious source of the 11*(891),Ã*(1236),
and l'*(1520) resonances. There is also evidence for the
production of I'*(1660), Y'*(1765), and one or more
E* resonances in the vicinity of 1688 MeV. The total
energy is well above threshold for simultaneous produc-
tion of E*'(891) and S*'(1236),but in contrast to the
situation in E+P ~K+prr+sr, ' "which proceeds domi-
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nantly through E*'Ã*++, the E~'E*' mode accounts
for only 20% of the cross section for reaction (1).

II. EXPERIMENTAL PROCEDURE

The data were obtained in an exposure of the
Lawrence Radiation Laboratory 72-in. hydrogen bubble
chamber to a two-stage electrostatically separated E—
beam"; 200 000 pictures were obtained at an incident
momentum of 2.00 GeV/c with a total useful E track
length of 7.5 events/ttb. The momentum spread of the
beam was about &2% and the pion contamination,
determined from the observed number of events of the
type sr p —r rr prr+z, was (1.4+0.3)%. The path
length of E—in the experiment was determined by a
count of v-like E decays in the film. A branching
fraction of (5.9+0.1)% for 3-prong decays was used. "

The 61m was scanned twice for events with 4-prong
topology; the presence or absence of kinking secondary
tracks was ignored. This was done in order to minimize
biases against small-angle or short-length Z+ decays,
which were later extracted kinematically. The Z~ events
were measured in parallel with the other 4-prong events;
the analysis of these events will be reported elsewhere. "
For nonkinking 4-prong events, as well as for the r
decays, the two-scan detection efficiency was 99%.

Each measured event was required to 6t the hy-
pothesis of reaction (1) with 7(s probability )0.01.
Ambiguities with other hypotheses and track. am-
biguities within the category of reaction (1) were
resolved by visually inspecting the bubble density of
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FIG. 1. Total cross
section .for the reac-
tionE P~E Pm+~
as a function of beam
momentum.

the tracks. The laboratory momenta of the tracks vrere

sufIj.ciently small that virtually all such ambiguities

could easily be resolved. The small contamination of

pions in the beam and the small cross section for

E p —+ E pm+~ n' (6%%uo of that for E p7r+7r ) at our

energy permit a very pure sample of E p -+ K pm+ad

to be obtained. In all, 4519 events of the latter type
resulted from the measurements and satisied 6ducial-

volume and beam-track requirements. The contamina-

tion due to all other reactions in this sample was

estimated to be (0.8&0.4)% in a study of a subsample

of the events.
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FIG. 2. Invariant maSS SpeCtra
in the E px+m final state. {a)
3f(pvf. ), (b) M(pm+). The curves
vmre obtained by Monte Carlo
using resonance fractions found in
the maximum-likelihood fit.
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FIG. 3. Invariant mass spectra
in the E pvr+m final state. (a)
M(E; p), (b) M(E m+). The
curves vrere obtained by Monte
Carlo using resonance fractions
found in the maximum-likelihood
fit.
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FIG. 4. Invariant mass spectra in the
E pm++ final state. (a) 3f(E m ), (b)
M(m+m ). The curves were obtained
by Monte Carlo using resonance frac-
tions found in the maximum-likelihood
6t.
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III. RESULTS AND DISCUSSION

A. Total Cross Section

The total cross section obtained for reaction (1) at
2.0 GeV/c is 0=627&20 pb. This value includes a
6.5% net correction for lost and contaminant events.
The error is due mainly to (a) the error in the path
length, +2.6%, (b) the statistical uncertainty in the
number of events, +1.5% and (c) the uncertainty in

the corrections for loss of events, &1.2%. At the lower

momenta of 1.80 and 1.95 GeV/c, the cross sections are
430~30 and 580+40 JLIb, respectively. ' ' Figure j. shows

these cross sections along with those obtained in other

experiments as a function of beam momentum. ' '

3. Analysis of Mass Spectra

Inspection of the invariant mass distributions of the

6 particle pairs and 4 triplets in the anal state (Figs.
2—6) shows strong enhancements near the positions of

E*(891) in E ~+, of E*(1236) in ps+, and of per and

F*'(1520) in E p. There are no correspondingly large

enhancements in the other mass distributions. In
particular, there is no evidence for resonances in the

K + p K +p+7T'+vr
2.0 GeV/c 45l9 EVENTS

(b)
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FIG. 5. Invariant mass spectra
in the E pm. +7f Gnal state. (a)
M(E p +), (b) 3E(P + ). The
curves were obtained by Monte
Carlo using resonance fractions
found in the maximum-likelihood
6t.
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FIo. 6. Invariant mass spectra in the
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obtained by Monte Carlo using
resonance fractions found in the
maximum-likelihood 6t.
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E ~+x or E*x—systems in the mass range of 1.],—1.3
GeV where enhancements have been reported. " In-
spection of the scatter diagram of E m+ mass vs
ps= mass (Fig. I) reveals a concentration of events in
the region where the E~' and S*'bands cross. The size
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FIG. 7. Scatter dlagrarn of (pII ) vs. (Z 5' ) Inva11ant
mass in the E px+m 6nal state.
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of these enhancements indicates that the E prr+rr-—
reaction is dominated by single-resona, nce production
as well as simultaneous E*'E*'production.

The mass spectra were 6tted with a likelihood func-
tion which assumes a set of Breit-Wigner resonant
amphtudes plus a phase space-hke background. Inter-
ference between the amplitudes was neglected in
constructing the likelihood function. This technique
was 6rst used by Friedman and Ross"; it provides a
determination of the relative intensities of the major
channels, which in turn permits kinematic reQections
of all the peaks to be taken into account when 6tted
curves are drawn. Minor resonant channels may then
show up as deviations from the curves. The likelihood
function has the form

where Ã= 4519 is the number of events, e is the number
of processes, f; is the branching fraction for the jth
process, and p; is the total phase space, subscripted
because events with diferent beam momentum have
di6erent total phase space. For production according
to pure phase space, IT;Is=i. For production of a
resonance, the relativistic Breit-signer function"

gpFRMp
(3)

(M p' —3P)a+ I MpF (3E))s

was used to describe the dependence of the matrix
element on the invariant mass M of the decay products.
Here Mo and I'0 are the resonant mass and the width of
the resonant state, qo and q are the decay momenta for

"J.Friedman and R. Ross, Alvares Group Programmers Note
P-102, 1964 (unpublished)."J.D. Jackson, Nuovo Cinmnto M, f644 (1964).
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a decay at a mass ufo and 3I, respectively, into two
daughter products of the resonance. The dependence of
the width on mass was taken to be

¹;= iT i p;dM;dQ; (6)

(4)

where the orbital angular momentum of the decay is
I= 1 for Ee and ATe and I=2 for F*'(1520).An empirical
correction factor"

C= (am s+gss)/(ac& s+gs), (5)

with a= 1, was used in the E* case to take the radius
of interaction into account; otherwise C= j..

The normalization integrals

TABLE I. Parameters of E*,S*and F& resonances
in E p ~ E pn+m at 2.0 GeV/c.

Reso-
nance

Mo Accepteda
(Mev) Mo

r0
(Mev}

Accepted&
I'0 FKHMe

K+ 894.7 +1.3 891.4 &0.8 892.5 44 +4 49 +2 44
%+0 1235 +3 1236.0&0.4 1214 145 &7b 120.0&1.5 120
N+++ 1215 +2 1236.0 &0.4 1191 145 &7b 120.0 &1.5 112
F+0 1518 +1 1518.9~1.5 1517 16~2 16 +2 15

a See Ref. 12.
b These mere constrained to be equal.
& Full width at half-maximum intensity of resonance,

Branching fractions f; and partial cross sections are
presented for each channel. The hypothesis of simul-
taneous E~' and E*' production was simulated by
multiplying the Breit—%igner intensities for X* and
E~, i.e.,

were evaluated numerically and 8'= —logI. was
minimized as a function of the fractions f; on an
IBM 7094 computer using the search routine MINIMUM. "
The presence of background as well as properties of the
production mechanism of a given resonance may cause
the experimental mass and width to be shifted from
their established values. Therefore, empirical values of
Mg and I'0 were obtained from the data for the E*,E*,
and I'*' resonances. Because of the very large number
of events, it proved computationally impractical to
simultaneously minimize t/t/" with respect to the M0 and
I's of each resonance as well as with respect to the f;.
Thus, the Mo and I'0 were determined by an approxi-
mation procedure in which only one mass or width was
varied at a time. Table I contains the values obtained
along with the values of M at maximum intensity (in
general, less than Ms), the full width at half-maximum

(FWHM) intensity and accepted" values of Ms and I's.
It must be noted that the arbitrariness of the correction
factor C in fitting the E* implies a certain arbitrariness
in the measured I's(1V*).

The F~o parameters obtained are in good agreement
with the accepted values. On the other hand, the X*
mass obtained is somewhat higher and the correspond-
ing width smaller than usually reported. Presumably,
the observed 20-MeV mass difference between Ã*' and
E~++ is associated primarily with differences in the
production mechanism of the two charge states. '

The masses and widths presented in Table I were
used in the likelihood fit to the mass spectra which
assumed the seven channels tabulated in Table II.

I~. K. Humphrey, Alvarez Group Programmers Note P-6,
1962 (unpublished}.

's The A*++ and IV&' peak positions are substantially the same
as in the E p ~E3ps s. reaction at 2.'I GeV/cpM. Pripstein
(private communication)g. In E+p +E+ps+s at 3 GeV/c,-the
g++ position is reported as NO=1220+6 MeV (Ref. 9}. In
s. p~s. ps+s. at 2.7 GeV/c, the N*~ "central va]ue" is re-
ported as 1210 MeV while that for S* is given as 1230 MeV
PP. Kiein st oI., 1965 Athens Conference (unpublished)]. Thus,
the lowering of the g~~ mass appears to be a common occurrence
in multiparticle Gnal states.

TABLE II. Branching fractions and cross sections for production
channels in E p ~E pn-+m at 2.0 GeV/c.

Channel

E&Px
ÃE-~+
gslto++
Q+++E m'

Y~~+~-
XI/P(1688}K-
Background

Fraction
(%}
3&2
6&2

20~2
44~2
13%2
10+3

Partial~
cross section

(p,b)

21&11
36~11

125+11
2'75&15
82' 13b
63+19

&25

a The cross sections refer only to decay modes -vrhich result in the
X pm+sr anal state.

b This cross section does not include the 9+3-pb contribution of the
F*(1765) -s F~(1520) channel discussed in Sec. IIID.

It was necessary to include the Se(1688) channel be-
cause, as may be noted in Fig. 5(b), the p7r+s mass
distribution is peaked at high Inass. A run without the
Ãe(1688) channel yielded a poor fit in this region, the
discrepancy being about 3 standard deviations. For this
channel, Mo ——1688 MeV and I'0——100 MeV~ with a
simple (I'=I's) Breit-Wigner shape were used. The
errors in Table II were obtained in the usual way by
inverting the second derivative matrix of X' (calculated
by numerical differentiation) and taking the square
root of the diagonal elements. Monte Carlo studies'
have indicated that this procedure results in errors
which may be interpreted as standard deviations.

The curves in Figs. 2—6 are the distributions of
Monte Carlo events generated according to phase space
and the resonant shapes (3), normalized to the number
of physical events and smoothed out to eliminate
statistical fluctuations. The background curve under
each resonant peak was obtained by plotting all the
Monte Carlo events except those in channels in which
the resonance is produced. It will be noted that the
curves in Figs. 2—6 are generally adequate representa-
tions of the data. Discrepancies between the experi-
mental distributions and the 6tted curves may indicate
low-intensity channels which have been overlooked;
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they may also result from interference effects or
reQections of angular correlations in the production
and decay of the resonant states. Such correlations were
not included in the likelihood function; they are not
expected to be important because, as will be seen below,
the production and decay distributions measured in
the experiment are generally rather Qat. Interference
effects would be expected to show up more clearly where
resonant bands cross on the various mass scatter plots.
The plots for each pair of resonances were compared to
similar plots of the Monte Carlo events generated
according to the assumption of incoherence. No
signi6cant enhancements or depletions were observed.
In general, the assumption of incoherent superposition
of resonant channels seems well borne out by the data.

K +p K +p+w++n 2.0 GeVP
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FIG. 8. Production-angle moments of Legendre polynomials as
a function of the invariant mass of the produced system. The mass
combinations plotted are (a) E ~+, (b) px, both using the p~
production angle; (c) pa+, (d) E p; and (e) E pm+, (f) E pn
both using the angle of the pion recoiling against the three-particle
system. The crosses in (e) show the eGect of the selection
1.50&M(E p) &1.54 GeV.

C. Production-Angle Moments as a
Function of Invariant Mass

The production angular distributions of the various
invariant-mass combinations may be represented by
the moments of Legendre polynomials (Pi), (P2), etc.,

of the production angle. Variations in these moments
with invariant mass may suggest changes in the produc-
tion mechanism at a particular mass value, such as
peripheral resonance production. The alternative
approach of plotting angular distributions for selected
mass intervals is employed in later sections. There are
6 doublet and 4 triplet mass combinations available
and 7 center-of-mass production angles associated with
them (3 mass combination pairs have one production
angle each). Figures 8(a) through (f) shows these
mOmentS aSafunCtiOnOfE 9-+, p9=, per+, E p, E pir+,
and E p9. mass, respectively. The p9 production
angle has been used in both (a) and (b); (c) and (d) are
presented in terms of the p6+ and E p angles, respec-
tively. The moments in (e) and (f) are based on the 9.

and x+ production angles. It was found that most
distributions are adequately characterized by (Pi) and
(P&) alone. (P&) is usually small and very slowly varying
with mass.

Plots (a) and (b) indicate that the p7r system is
produced relatively backward for M(E 9+) 3fz" and
3II(prr ) M~". Plots (c) and (d) show a variation of
(Pi) and (P2) similar to that in plot (b); (Pi) increases
while (P2) decreases with increasing proton+meson
invariant mass. Most striking perhaps is the absence
of a major change in the behavior of these moments
near resonant mass values, in particular as the E p
mass passes through the very pronounced F*o(1520)
resonance in plot (d).

In contrast to the above, plot (e) shows significant
variation of the E ptr+ production moment. Near
M(E p7r+) =1660 MeV, a large (Pi) 0.3 is observed.
Throughout the region near 1.8 GeV, (Pi) is also
positive and 0.1. If only events with 1.50&M(E p)(1.54 GeV are selected, (Pi) is even more positive, as
shown by the crosses in plot (e). Evidence will be
presented below for F*+(1765) in this mass region
decaying to F*'(1520), as well as for peripheral produc-
tion of F'*+(1660). Above 1860 MeV, (Pi) seems
consistent with zero. Plot (f) displays a four-standard-
deviation negative (Pi) in the 40-MeV bin centered at
3f(E pm )=1940 MeV; elsewhere (Pi) is positive or
consistent with zero. This behavior is suggestive of
forward production of a narrow I'* resonance, but the
data are insufhcient to provide additional evidence for
such an effect.

D. Small Resonant Channels

The possibility of resonances in the E p9+ and
E-p9.—systems is now considered. The (Pi) production
moment displays a rapid variation for the E p9+
system. Furthermore, there is a small, narrow' enhance-
ment above the fitted curve just below 1700 MeV in
E p7r+ mass [Fig. 5(a)$ and a slight excess of events
in the region just below 1800 MeV. To enhance these
effects, events (mostly E*) with 0.84(3f'(E 9.+)(0.94
GeV were removed and E p7r+ mass was plotted in
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Fig. 9 for regions in E p—mass below, at, and above the
F*'(1520) position. These selections favor low E P7r+
mass and erect a kinematic peak, as shown in each of
the plots (a), (b), and (c) in Fig. 9 by the dotted Monte
Carlo curves. These curves are the result of making the
same mass selections on the Monte-Carlo events' as on
the real events; they are normalized to the total number
of events in each of the three plots", (a), (b), and (c)."
Plot (b), which contains mostly F*'(1520) events,
shows an enhancement above the dotted curve near
1765 MeV, while plots (a) and (c) do not show this
enhancement. This suggests the production of
F*+(1765)and its decay into F*'(1520):

E +p ~—F*+(1765)+s-

~ 20-
IO-

N

UJ
&40-

I I I I

0.6&7F 'K &I.O
p, A

R,

s. i765
(

I (b)

cn I
Z 20- I'

0
LU

XSPP ~r Y (152P)
(d)O

soo-
K' REMOVED

o. 2PP-

LLI 1,4 I,5 - I.6 1.7 I,8 I.9
M(K p) GeV

l 765

(c)

F*'(1520)+x+
I.6 I.S 2.0 IS I.B 2.0 I.6

M(K per ) Gev

I 8 20

E +p. (8)

The decay of Fre(1765) into Fa'(1520) has been ob-
served previously" in the s channel. This study, based
on the Z~s-+rr' final state, yielded. M(F*)= (1755&10)
MeV, I'=(105&20) MeV, J~=ss and a branching
fraction for F*(1765) decaying to F*(1520) of 0.15
+0.03. Earlier results" suggested a slightly higher
mass, M= (1765+10) MeV and somewhat smaller
width, P= (60&10) MeV. Within statistics, both the
position and width of the excess seen in Fig. 9(b) are
in accord with the above results.

Normalizing the Monte Carlo curve to the back-
ground regions Li.e., excluding the 4 bins of enhance-
rnent in Fig. 9(b)j, as shown by the solid curve, yields
a cross section of 8&3 pb for the decay sequence (8).
Correction for F*'(1520) events outside of the region
1.50(M(E p)(1.54 GeV and for events removed by
the M (E rr+) cut increases the cross section to 9+3 isb.
The latter value corresponds to a F*+(1765)s. produc-
tion cross section of 0.41&0.18 mb, when account is
taken of decaying branching factors. "' Unfortunately,
the very high background level in Fig. 9(b) precludes
a more detailed analysis of this channel.

In Fig. 9(a), for M(E p) (1490 MeV, the fit is rea-
sonable near 1765 MeV but low below 1700 MeV. As
shown in the subplot above plot (a), where events with
forward going m are selected, the enhancement below
1700 MeV takes the form of a clear and narrow peak.
This peak is centered at about 1670 MeV with a width

'9 This normalization differs from the over-all normalization of
the Monte-Carlo events to all the real events by +18, —9, and
+18% for (a), (b), and (c), respectively. The differences are due
primarily to the rather poor fit of the Monte-Carlo curve to the
3E(E p) distribution [Pig. 3(a)] in the F*i1320) region and to
other imperfections of the fit. These imperfections are expected
to be only slightly reflected in the M(X p71+) distributions."R.Armenteros, M. Ferro-Luzzi, D. W. G. Leith, R. Levi Setti,
A. Minten, R. D. Tripp, H. Filthuth, V. Hepp, K. Kluge, H.
Schneider, R. Barloutaud, P. Granet, J. Meyer, and J. P. Porte,
Phys. Letters 19, 338 i1963).

"A. Barbaro-Galtieri, A. Hussain, and R. D. Tripp, Phys.
Letters 6, 296 (1963).

FIG. 9. Distributions of J p~+ invariant mass for the intervals
of E p mass shown in plot (d). (a) 1.40-1.49 GeV, (b) 1.50-1.54
GeV, and (c) 1.55—1.62 GeV. Events with 0.84(M(E 71.+) &0.94
GeV have been removed. The dashed curves were obtained by
Monte Carlo from the Gt to the major channels, and are normalized
to the number of events in each of the three plots. The solid
curves in (a) and (b) show the result of renormalizing to the
events outside the regions of I P enhancement. The subplot above
plot (a) shows 3f(E pm+) for the events in plot (a) satisfying
0.6(~- E-&1.0.

of about 40 MeV. These results agree with the accepted
parameters" for the Ft*(1660), M= (1660+10) MeV,
and P= (44&5) MeV. Normalizing the fit in Fig. 9(a)
to the events outside the region of enhancement yields
63+12 as the number of events above background or a
cross section of 9+2 pb for the process

E +p +F*+ (1660)—+rr——

E +P+s+.
The production angular distribution of the events in
the peak region is highly peripheral, as indicated by the
moment plot of Fig. 8(e).

The analysis of the mass spectra did not yield sub-
stantial evidence for other I'~* sects. In particular,
there is no evidence for the decay of F'*(1765) to
S*+++E—.To check this possibility, events were
selected in the Ã*++ mass band but outside a 40-MeV-
wide F*o(1520) band. The resulting M(E Ps+) distri-
bution shows no enhancement in the region below
1800 MeV. There is also no evidence of F* (1765)
or F* (1660).

E. Low Mass Enhancement in the X ~+ Spectrum

The E rr+ mass distribution, Fig. 3 (b), shows a small
enhancement above the Monte Carlo curve at
M(E rr+)~690 MeV. Quantitatively, there is an excess
of 75&25 events ( 10 pb) between 670 and 710 MeV.
Similar enhancements have been observed in the same
reaction at 1.80 and 1.95 GeV/c. s s Our enhancement is
centered at a mass substantially below that reported
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for the effect known as the kappa meson. The ~ has been
seen in ~ p ~Z(A)~K "in K p -+ K'~ P "and K~,'
as well as E+p —&K%3'~." The reported masses are
consistent; their average is 725+2 MeV" while widths
F&20, &12, &15, and &30 MeV were quoted in these
experiments. In general, the status of a as a meson is
in some doubt due to its appearance in relatively few
reactions. We shall discuss our own enhancement in
greater detail below and explore possible explanations
for its existence.

The enhancement at M(K s.+) 690 MeV is associ-
ated with low M(K pm+). Figure 10 shows the scatter
diagram of these masses with dotted bands correspond-
ing to the small Yi*(1660)and Yi*(1765)enhancements
discussed above. A projection of this scatter diagram
onto the M(E sr+) axis for the selection M(K ps+)
(1.8 GeV is shown in Fig. 11(b).This selection serves
to enhance the effect; in fact, essentially the entire
enhancement is retained in the M(K P7r+) (1.8 GeV/c
plot. Normalization of the Monte Carlo curve (based
on the 6t to the major channels) to the unenhanced
bins results in a total of 67+16 events above expecta-
tion. The band of M(K m.+) enhancement, 40 MeV in
width, is shown on the scatter diagram of Fig. 10.
Figure 11(a) shows M(K pm+) for events in the band
of M(K m+) enhancement with the curve normalized
to the total number of events. The excess below 1.8
GeV corresponds to about 50 of the 125 total P ~* events,
a result expected if the I'&* events are roughly uniformly
distributed in M(K m.+). Thus, the M(K m+) enhance-
ment is not a kinematic reQection of the Fi* resonances.

2'D. H. Miller, G. Alexander, O. I. Dahl, L. Jacobs, G. R.
KalbQeisch, and G. A. Smith, Phys. Letters 5, 279 (1963).

S. G. Wojcicki, G. R. Kalbfleisch, and M. H. Alston, Phys.
Letters 5, 283 (1963).

"M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P.
Henri, II'. Jongejans, D. W. G. Leith, G. R. Lynch, F. Muller,
and J. M. Perreau, Phys. Letters 12, 255 (1964).

0.6
1.6 I.7 I.8 I.9 2.0 2.I

M(K p rr+) GeV

Fxo. 10. Scatter diagram of M(E 7f+) versus 3f(E p~+). The
dashed vertical bands show the regions of enhancement due to
production of F'p(1660) and I 1*(1765),while the solid horizontal
band shows the enhanced interval of E x+ mass.
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Fro. 11. (a) Distribution of M(E P7f+) for events satisfying
0.67(M(E ~+) C0.71 GeV. The curve was obtained by Monte
Carlo from the 6t to the major channels (excluding the charged
F'* channels) and is normalized to the total number of events in
the plot. (b) Distribution of M (E ~+) for events satisfying
~(E p~+) &1.8 GeV. The curve is normalized to the total number
of events in the plot.

"S. Coleman and R. E. Norton, Nuovo Cimento 38. 438
(1965).

Conceivably, the Ex peak could arise from an
interference effect, possibly one involving the I'&*'s and
a "background" amplitude such as that for S*++,
which is important in this mass region. Another possi-
bility involving the E*++ is provided by the existence
of singularities in triangle diagrams such as that shown
ln Flg. 12.

Coleman and Norton" have shown that the singu-

larity in s=M(K m.+) occurs for physical values of s if
and only if the diagram can be interpreted as a classical
(on-the-mass-shell) process in space-time. The s+ from
the Ã*++ decay must actually be able to catch and
scatter off the E . For point particles, this condition
requires the E*++ to decay such that the m+ is emitted
opposite to the S*direction of motion and sets limits
on s and W=M(K Pm.+) within which the rescattering
can occur. For a given E~++ mass, the value of s at
which the singularity occurs decreases with increasing
W from its maximum at 1V*++K threshold (s=730
MeV forM~ = 1236 MeV) to s=Mx+M =633.4MeV
at that value of 8' for which the kaon and pion velocities
are equal. The observed Ex enhancement lies within
the required kinematic region. Furthermore, for 8"
near E*++E threshold, the distances which must be
traveled by the E—and z+ are a few Fermis, so that the
solid angle for rescattering is large. In fact, 8' for our
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Fxc. 12. Triangle diagram for E p —+ E p7f+7I.

with S*++as an internal line.

enhancement varies between 1.6 and 1.8 GeV while the
E*E threshold is 1.7 GeV for E* events at the central
mass. Finally, the resonance production diagram, i.e.,
Fig. 12 without the rescattering, is important;
E*++E x is the largest reaction channel in the
E p~+~ -final s-tate. The l'* (1520) channel is also
large; however, the rescattering in that case occurs only
for s(647 MeV, which is below our peak.

Several authors" ' have calculated enhancements
arising from the triangle mechanism; the diagram
without rescattering was regarded as background in
these papers. Schmid" has pointed out, however, that
the resonance-production diagram also has singularities
which are of the same form and occur at the same
energy as those of the triangle diagram. When the
singular parts of each diagram are added coherently,
the net result of the rescattering diagram is merely a
multiplication of the amplitude for the resonance
production diagram by a phase factor. On a plot of s'
versus I2, where I=M(P7r+) (for fixed W this is a Dalitz
plot), the rescattering has the effect of removing events
from the low-s end of the resonance band and re-
distributing them in t. Thus, a projection of the Dalitz
plot onto s shows a peak only if events in the resonance
band are not included; the projection for all events
does not show an enhancement in contrast to the effect
reported above. This result is not surprising; classically,
an elastic scattering does not change s. There may be a
way of overcoming the objection raised by Schmidt.
The large and energy-dependent width" of the S*++
or the fact that all three vertices of the triangle diagram
lie within a small interaction volume (radius 1F) for
much of the enhancement region may alter his analysis
so as to permit enhancement.

K +p —+ X*+++K—+~—, (10)

"Y.F. Chang and S. F. Tuan, Phys. Rev. 136, 8741 (1964)."F.R. Halpern and H. L. Watson, Phys. Rev. 131,2674 (1963).
"M. Month, Phys. Rev. 139, 81093 (1965)."C. Schmid, Massachusetts Institute of Technology

(unpublished).
"In general, the effect of giving the S* mass an imaginary

part to account for its width is to move the singularity umuy from
the physical region (i.e., real s) so that it is by no means clear how

F. Production and Decay of N*++ and F*

The strongest channel leading to the E p7r+nfinal.
state is

FIG. 13. (a) Produc-
tion angular distribution
of S*++ in the reaction
E-p ~ S+++E-~-. (b)
Distribution of squared
momentum transfer to
the S~++. The diagram
shown is the one-meson-
exchange diagram for
which the S*++ is pro-
duced alone at the lower
vertex.
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the large width of the Ã* can help to produce an enhancement
(R. E. Norton iprivate communication)].

with no intermediate two-body state. Although reaction
(10) is a three-body reaction, one may study the
relevant angular correlations in the hope of 6nding
effects characteristic of a simple production mechanism.
The 1V*++mass band is defined by 1.13&M (Px.+) & 1.27
GeV. According to the Monte-Carlo calculation, this
sample of events contains 60% X*++. When most of
the E* and F'*'(1520) events are eliminated by re-
moving events which satisfy either 0.86&M(E ~+)
&0.92 GeV or 1.50&M(E p) &1.54 GeV, or both, the
remaining purified sample contains 71% 1V*++.How-
ever, 400 of the 1550 E*++events in the E*mass band
are lost by the cuts.

The c.m. production angular distribution of the ps+
system is shown in Fig. 13(a) for the 71%S*selection;
the distribution of squared four-momentum transfer
between target proton and E*++ is presented in Fig.
13(b). The sharp backward peak in the angular distribu-
tion is washed out when 6' is used. This effect may be
ascribed to the width of the S*and the variable mass
of the E vr system recoiling against the E*++. The
possibility that the peak in the production cosine is
associated with a peripheral mechanism can be investi-
gated further by a study of the decay correlations of
the S*++. Figure 14 shows the distribution of S*++
decay for both the 60% and the 71% iV* samples. The
angles whose cosines are plotted are 8~„g,~, the angle
between the target and decay protons in the E*++ rest
frame and 8 „,j, the angle between the decay proton
and the direction E; XX*++. The distribution of
cosgt„„t, in (a) is peaked in the forward direction (the
decay proton is emitted backward in the c.m. system);
much of this asymmetry disappears when E* and F*
events are removed; see Fig. 14(b). This distribution is
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Fzo. 14. Decay
angular distributions
of the N*++ system
with respect to the
target proton and
normal (E &(N*++)
directions (see text).
Plots (a) and (c)
show events in the
N~++ mass band;
events in the E~ and
I +(1520) bands were
also removed in plot-
ting (b) and (d).
The cross-hatched
histograms in (b)
and (d) show the
events in the interval
N+++ E & —0.8.
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"On a Dalitz plot of 3E(p~+) versus 3f(I; x+), for example,
with M(E pm+) axed, the cosine of N~+ decay with respect to
its direction of motion in the E pm.+ frame varies linearly along
the N* mass band. Removing an interval of 3f(E x+) removes all
the events in a section of that angular distribution. The eBect is
smeared out in our case because M(E pe+) is not 6xed and
because we are plotting the decay angle with respect to the target
proton direction."L. Stodolsky and J. J. Sakurai, Phys. Rev. Letters 77, 90
(two).

fiat except for a small forward peak; the distribution
of cos8 „,& in Fig. 14(d) is consistent with isotropy.
The decay distributions in (b) and (d) are slightly
biased by the loss of some lV*++ events. "Correction for
the loss has not been attempted because the decay
distributions are generally Qat and because the presence
of four particles in the 6nal state tends to smear out the
biasing effect of the cuts. Furthermore, it is not gener-
ally feasible to do background subtractions for the X*++
channel because, as may be seen in Fig. 2(b), a control
region of mostly background events is only available
on the high side of the peak and is too far removed from
the central resonant interval to justify its use.

The decay distributions for events in the backward
E*++ spike, P++ E;,(—0.8, are shown cross-
hatched in Fig. 14(b), (d). They are consistent with
isotropy except for the small asymmetry in cosa&„„&.In
contrast, unmodiied pion exchange or magnetic dipole
p exchange" in the diagram shown in Fig. 13(b) requires
1+3 cos'8 with respect to the target or normal direc-
tions, respectively. The possibility that the backward
E*++ peak is due to a mixture of x and p exchange
cannot, however, be ruled out. Further angular corre-
lation studies, especially with regard to other diagrams
for Ã*++ production, failed to yield additional evidence
for a peripheral mechanism in reaction (10).

Next, the production and decay distributions of
Fe (1520) in the reaction

are considered. The I'*'p reaction is below threshold.
F* events were selected according to 1.50(M(it —

p)(1.54 GeV, which yields a 48% pure F* sample.
Background due to E*was reduced by removing events
with 0.86(M(lt e+)(0.92 GeV, resulting in a 55%
pure V* sample. The distribution of momentum transfer
to the F*' is shown in Fig. 15(a). The decay distribu-
tions for each sample are shown in Fig. 16 and for events
with low momentum transfer to the Fe in Figs. 15(b)
and (c).The data differ from the N*++ case in that the
distribution of cos8t,„„~ for the Fe [Fig. 16(b)] is
markedly polar and forward-backward-symmetric.
However, the polarity, which implies preferential
population of the m= +-,'substates of the I'*, does not
seem to be associated with E exchange [see the diagram
in Fig. 15(a)j, since the distribution is flat for low
momentum transfer events as shown by Fig. 15(b).

The angular correlations for I'*' production and
decay have been compared to those obtained using
control regions in K P mass below and above the F*e
band. No signi6cant variations were observed in this
way, in agreement with the smooth behavior of the
production moments of the E p system plotted in
Fig. 8(d).

(b) (c)

20—

cos 8TApggT
I I

-I.O 0.0 1.0 -I.O

cos 8NORMAL

I I I

0.0 I.O

EVENTS WITH LPY~ & 0.6 (GeV/c)

I

(a) 852 EVENTS
55 4As Yeo

~ 72—K

24-

0,0

K=—~vr

I I

0,5 I,O
2

4,o (GeVic)~Y~

K
P

1.5

FxG. 15. (a) Distribution of momentum-transfer squared in the
reaction E p —+ I'(1520)x+m . The diagram shown is the one-
meson-exchange diagram for which the Y is produced alone at
the lower vertex. Plots (b) and (c) show the decay distributions
for events produced with low momentum transfer in this diagram,
i.e., c9(0.6 (GeV/c)'. The events plotted lie in the Fe'(1520)
band but not in the E~ band.

G. J~ N* Production and Decay

According to the maximum-likelihood 6t, 20% of
the total or 900 events are pseudo-two-body events of
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FIG. 16. Decay angular distributions of the F system with
respect to the target proton and normal (K )&P'*') directions.
Plots (a) and (c) show events in the F mass band; events in the
X*band were removed in plotting (b) and (d).

the type E p —& K*'N*'. Simultaneous K*N* produc-
tion has been studied in both K+p and K p interactions
in the region of a few GeV/c incident momentum. The
reaction E+p —&E*'N*++ has been studied at 1.96,
3.0, and 3.5 GeV/c. "In each case, the experimenters
found evidence for one-pion exchange, i.e., characteristic
decay angular distributions and peaked production
distributions.

At 1.96 GeV/c, the data showed strong correlation
between the E~ and S* decay. This is inconsistent
with pure pseudoscalar-meson exchange; the authors
suggest 6nal-state interactions or exchange of two
pseudoscalar mesons as the explanation. Our reaction,
E p +K*'N* has been s—tudied at 3.0 GeV/c" and
found to be both peripheral and dominated by one pion
exchange at that energy. It is noteworthy that the X*X*
reaction was quite cleanly separable in the K+p experi-
ments and that a clean ( 15% background) sample
of K*'N*' events could be obtained in K p at 3.0 GeV/c
by selecting low-momentum transfer events.

Jackson et al '4 have fit. the E+p —+E~N* reaction
at 3.0 and 3.5 GeV/c to a one-meson-exchange model
with absorption sects included. . They Gnd good agree-
ment between the experimental K* and E* density
matrix elements and the model incorporating only pion
exchange. However, inclusion of p exchange improves

"P.Schlein (private communication), based on work of Ecole
Polytechnique-Saclay-Amsterdam collaboration on E p inter-
actions at 3 GeV/c."J.D. Jackson, Rev. Mod. Phys. 31, 484 (1965);J.D. Jackson,
J. T. Donohue, K. Gottfried, R. Kayser, and B.E. Y. Svensson,
Phys. Rev. 139, B428 (1965).

the 6t to the differential cross section. Destructive
interference between the pion and p exchange also
brings the predicted absolute cross sections into better
agreement with experiment.

The assumption of E*E*production via exchange of
a T=1 meson leads through the application of charge
conjugation invariance at the boson vertex and charge
independence at the baryon vertex to the relation for
the total cross section,

o (E p +K*'—N*') = ,'o (K+p-~E*'N*++) . (12)

After correction of the partial cross section given in
Table II for the charge states of X*' and E~' which are
not observed in this experiment, the value 0.=0.57+0.06
mb is obtained for the left-hand side of Eq. (12).
Goldhaber et at.' report f7=1.1~0.2 mb at P~+=1.96
GeV/c for E+p ~K*'N*++ with K*'~ E+7r . Correc-
tion for E ~' decay yields (K+p ~K*'N*++)=1.6+0.3
mb or 0.5+0.1 mb for the right-hand side of Eq. (12)
which is seen to be well satisfied experimentally
assuming negligible variation of a(E*N*) between
1.96 and 2.0 GeV/c.

We now attempt further comparison of the 2.0-GeV/c
K p —+K*N~ data with the predictions of one-meson
exchange. First of all, it is desirable to make a clean
separation of the E*'S*'events and to understand the
effects of the remaining background contamination. A
glance at Figs. 2(a) and 3(b) indicates that even the
minimum attainable background levels under the Ã*'
and K* peaks are )30%. The separation of K*N*
events was made on the basis of the joint Breit-%igner
weight of Eq. (7). Let u= (Tx'j')( (

T~'(' normalized
so that 0&0.~& 1.0.Alpha is then a convenient parameter
for selecting E~Ã~ events; n approaches unity near the
center of the E*Ã* "spot" on the scatter plot of Fig. 7
and approaches zero far away from this region. Curves
of constant n are approximately elliptical in shape and
provide a cleaner separation than could be achieved by
merely defining bands of E s+ and ps. mass. For the
purposes of plotting angular distributions and doing
background subtractions, two intervals of n were chosen
and the percentage of E*S*and background events in
these intervals was determined from the Monte-Carlo
events. The region 1.0~&n) 0.2 contains approximately
55% K~N* and 45% non-K*N* events; 70% of all
doubly resonant events are included. The "background"
interval, 0.2)&n)0.02, contains 20% K*N* and. in-
cludes 26% of the doubly resonant events.

A sample containing as large a fraction as 70% K*N*
events can be obtained by selecting a suKciently small
region. of n, but only about 10% of the doubly resonant
events would be included. Furthermore, selection of
events in which the S~' is produced in the backward
direction does not significantly improve the purity of
the sample. The distribution of production-angle cosine
of the ps. (N*o) system is shown in Figs 17(a) and .(b)
for the regions of n defined above, The ratio of events
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in the backward hemisphere to those in the forward
is 1.36 in case (a) (mostly background) and 1.5/ in
case (b) (mostly E*¹).Figure 17(c) shows the result
of a simple background subtraction applied to plots (a)
and (b); the backward. to forward ratio of the resulting
resonant distribution is 1.91.The background subtrac-
tioD indicates that the peripheral selection —3, .0~& +*-
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FIG. 18.Decay angular distributions of the K@'and E+' systems
with respect to the beam and target proton directions, respectively,
in the reaction E p ~EE. The events plotted satisfy 1.0~&~
&0.2 and squared-four-momentum transfer to the K~, gm(p. s
(GeV/e)'. Plots (a), (b), and (c) show cossx' for backward, equa-
torial, and forward intervals of the E* decay. Plots (d), (e), and
(f) show cosg~' for intervals of cos8~*. The events plotted in the
dashed histograms also lie in the E~++ band, 1.13 &M (p~+) (1.27
GeV, while those in the cross-hatched histograms satisfy g@++ It
&-O.V as well.

~ E' (—0.6 provides an increase of only 5% in the
fraction of E*E*events in the interval 1.0~&e&0.2.

Thus a clean sample of E*E~ events cannot be ob-
tained in our experiment. The large background
contamination seriously distorts the decay distributions.
The largest contributor to this background is the Ã*++
production channel; its eRect on the X ' and /*0 decay
distributions is shown in Fig. 18. "T-channel" coordi-
nates are used, so that the polar decay angle, 8~+, is the
angle between incident and outgoing E in the E* rest
frame. Similarly, 8~ is defined as the angle between
the target and outgoing protons. The events plotted
in Fig. 18, approximately 60% of which are E*Ã*,
satisfy I.O~&n&0.2 and have Iow squared fouro
momentum transfer to the Ee', f=iV—(0 5(GeV. /c)s.
Distributions of cos8~' and cos8~+ are shown for back.-
ward, equatorial, and forward intervals of the other
cosine. Plots (c) and (f) are asymmetric; each displays
a pronounced forward decay peak. Asymmetry is illegal
by angular momentum and parity conservation in the
strong decay of a free particle. However, these peaks
are largely accounted for by events with a pa.+ system
produced backwards and with mass in the E~++ band,
as shown by the dashed L1.13&31(ps+)(1.27 GeVj
and cross-hatched (¹++E;„&—0.'/) histograms in.
I'ig. 18.As noted above, there is a prominent backward.
peak in the Ã*++ production angular distribution
LFig. 13(a)) which persists for E rr+ masses both inside
RIld outside tile E band. EveIlts with R backward p'E+
system of low ( M~') mass overlap kinematically with
forward decays of forward-produced E~'s. Events in
the overlap region also tend to have forward "S~"'
clecays (with respect to the target proton). Thus, the
strong backward peak in E*++ production results in
asymmetric X~' and K"' decay distributions, especially
when forward E*events are selected.

To summarize, the large background contamination
in the E*'E* event sample prevents Ineaningful com-
parison of the angular correlations with the peripheral
model. Thc observed decay distributions are not
charactcDstlc of c1thcl simple K or p cxchRI1gc. In ad(4-
tion, the production angular distribution is not highly
peaked backward, which is not very surprising in view
of the lack of available kinetic energy (only about
125 MeV for average Ee and ¹ masses). However, the
comparison of the total cross sections for E*Ã~ produc-
tion in E p and E+p scattering is consistent with
dominance by T= j meson exchange, R result which
also obtains at 3.0 GeV/c. ss

Dt. CONCLUSION

At 2 GeV/c the situation in the E prr+7r 6nsl state--
appears to be quite complicated. The Gnal state is
dominated by resonance production in at least seven
channels. Unfortunately, the low available kinetic
energy, the production of broad Ã* resonances in at
least 75% of the events, and the kinematic overlaps of
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the many channels conspire to prevent a clean separa-
tion of the various reactions. The optimum background
levels which can be obtained by mass and momentum
transfer selections vary from 25 to 75%.The two- and
three-body channels are not dominantly peripheral;
decay distributions characteristic of resonance produc-
tion via single meson exchange are not observed in any
of the channels. The production rates of the resonant
channels are all of the same order of magnitude when
detection and phase-space factors are taken into
account; this fact may be a reQection of the complexity
of the situation.
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Experimental Limit for the Neutron Charge*

C. G. SHULL, K. %.HILLMAN AND F. A. %EDG%'ooDt
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A microscopic measurement of the charge on a free, monoenergetic neutron has led to the value
of (—1.9a3.7) && 10 "electron charges. This is consistent with the usual view that neutrons are electrically
neutral. The experiment has exploited the very high angular sensitivity of a douhle-crystal spectrometer in
assessing the angular deflection of a monoenergetic neutron beam under electrostatic deflection conditions.
An improvement of about six orders of magnitude in the upper limit of the charge over previously published
values obtained by direct experimentation has been attained.

INTRODUCTION

A CCORDING to present views, the neutron is
thought to be an electrically neutral particle. In

this paper an experimental test for a minute charge is
described in which the angular deviation of a mono-

energetic neutron beam under the action of a homo-

geneous transverse deQecting field is sensed. The absence
of such a deflection, coupled with the calibrated sen-

sitivity of the apparatus, confirms the belief of neutron
neutrality.

The search for a neutron charge is important in the
information it may provide for fundamental-particle
theory. Here the charge and mass remain as yet
empirical values which theory cannot predict. Indeed,

any experiment is of interest which may shed light on

the apparent property of all particles to bear integral

multiples of the electron charge. The present measure-

ment may be construed as the most precise charge

measurement of an elementary particle, and thus sets

a severe criterion to be met by any future theory.

*Research supported by the National Science Foundation
(Grant No. GP-2463) and in part by the Joint Services Electronics
Program LContract DA36-039-AMC-03200(E) to the Research
Laboratory of Electronics].

)Present address: United Kingdom Atomic Energy Research
Establishment, Harwell, England.

In an interesting paper, Feinberg and Goldhaber'

discuss the necessity and implications of setting accurate
experimental limits on the charges of elementary par-
tides. The present belief that the conservation laws

of charge, baryon number, and lepton number are in-

dependent and absolute leads to the conclusion that
known particle processes can only determine the rela-

tive magnitudes of charges. Experimental limits on,
for example, the neutron charge and the electron-

proton charge difference are thus essential. Further-
more, if it were found that the charges of the baryons
were all slightly different from their commonly accepted
values by a common amount, then the conservation
of baryons would follow from the conservation of
charge rather than being an independent principle.
Similar remarks hold for leptons.

Turning from microscopic to macroscopic considera-

tions, much speculation about the cosmological con-

sequence of a 6nite electron-proton charge difference,

&q= ) q, )
—

) q, ), has been made. If one assumes charge
conservation to hold in the neutron-decay process
ts~ p+e +P, then hq is equal to the neutron charge

q upon the further assumption that the neutrino is

' G. Feinberg and M. Goldhaber, Proc. Natl. Acad. Sci. U. S.,
45, 1301 (1959); also M. Gell-Mann, in ProceeCings of the 1960
3nnual International Conference on High-Energy Physics at
Rochester (Interscience Publishers, Inc. , New York, 1960),p. 792.


