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X--p Interactions from 594 to 820 MeV/c
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I '=p interactions in the Columbia-BNL 30-in. hydrogen bubble chamber were studied at nine momenta
from 594 to 820 MeV/c. The results for elastic-scattering and zero-prong-plus-V' events are presented here.
Differential cross sections are given for the E' p, E~n, and h~ 6nal states. A 6t to the EN channels was
obtained which shows the effects of a $ resonance at 1701 MeV. This energy is appreciably displaced from
the peak in the inelastic cross section.

I. INTRODUCTION
' ~EIIS paper presents part of the results of a survey

of E preaction-s in the momentum region 594-
820 MeV/c. The reactions reported here are elastic
scattering and those which give rise to a disappearing
K and a single V. The reactions leading to charged
Z hvperons and to two-pronged interactions and a V
will be presented separately. Preliminary results on all
the reactions have been published. ' '

The range of c.m. energies covered is 1605—1710MeU.
This is the appropriate quantity for the masses of hy-
peron resonances appearing in "formation" or in s
channel, as shown in Fig. 1. The upper limit of mass of
a resonance which can be "produced, " with an addi-
tional pion, as in Fig. 2, ranges from 1470 to 1575
MeV/c'. At the time this experiment was undertaken
the only known resonance capable of appearing in the
s channel was the Z(1660) (that is, a hyperon with iso-

spin 1 and mass 1660 MeV/c'), which should be seen
at a E momentum of 715&24 MeV/c. Indeed, its
effects had been reported in an earlier experiment, 4

studying E pinteractions at-620, 760, and 850 MeV/c.
In the course of the experiment, we have found that

the actual situation is much more complicated. The
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coupling of the Z(1660) to the EX channel is certainly
rather small; as described in Sec. V, it could be of the
order of 0.03.

Our first result concerned the reaction E +p~
A+s', which had been reported' to show the effects
of the Z(1660) and to give a spin-parity result of ss+.

We found a small admixture of Z(1660), with a ss

background amplitude which increased rapidly with

energy. This is now known to be due to the Z(1770)
which occurs at higher energy, though it had not then
been established. The analysis' somewhat favored spin-
parity ~3-, a result which is now generally accepted. '
In this paper, we describe the technique used to obtain
the Anal A-x0 data.

Meanwhile, we found an unexpected resonance at
1675 MeV, most prominent in the E p —+ hti chann—el,
with J~=sx; and another T=O resonance, h. (1690),
with spin and parity 2 has been discovered, "' helping
to explain certain features of our data. Another reso-
nance, Z(1690), has been seen in production, but

~ M. Taher-Zadeh, D. Prowse, P. Schlein, W. Slater, D. Stork,
and H. Ticho, Phys. Rev. Letters 11, 470 (1963).
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Samios, S. Yamamoto, M. Goldberg, S.Lichtman, M. Primer, and
J. Leitner, i'. 143, 1034 (1966); Y. Lee D. Reeder, and R.
Hartuxxg, Phys. Rev. Letters 17, 45 (1966I; P. Schleixx axxd T.
Trippe, University of California Report No. UCLA-1016, 1966
(unpublished); this paper reanalyzes the data of Ref. 5 and
favors ~~ . On the other hand, results favoring ++ are found by
A. Leveque, M. Ville, P. Negus, W. Blair, A. Grant, I. Hughes,
R. Turnbull, A. Ahmad, S. Baker, L. Celnikier, S. Misbahuddin,
I. Skillicorn, J. Loken, R. Sekulin, J. Mulvey, A. Atherton, G.
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and A. Segar, Phys. Letters 18, 69 (1965).
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62 (1967).
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apparently has little coupling to the ES channel. s The
complicated structure in this energy region, reviewed
recently in Ref. 10, has been predicted on the basis of
the quark model.

It is the aim of this paper to describe the methods
used in obtaining the differential and partial cross sec-
tions, and to o6er tentative interpretations of the phe-
nomena observed. It is our belief that increased statis-
tical accuracy will be necessary to achieve a definitive
analysis.

II. BEAM AND BUBBLE CHAMBER

The secondary beam was taken at 22' to a target in
the Brookhaven A. G. S.The beam, which was designed
for another purpose (to provide stopping p and E ),
proved adequate for the present experiment, providing
six E with a few times 10" protons on the target.
One stage of electrostatic mass separation was used,
employing a standard 15-ft separator, giving a E:m .p
ratio of 1:1:1.The pion background constitutes an
analysis problem only for elastic scattering, since the
pion energy is below the threshold for associated pro-
duction of strange particles.

The momentum acceptance of the beam was approxi-
mately triangular with an ideal width of about 1%,
at half-maximum. . The E momentum was varied by
tuning the beam, except for the 594-MeV/c point,
where a carbon degrader was used, with the beam
tuned for 650 MeV/c.

The detector was the Columbia-Brookhaven 30-in.
hydrogen bubble chamber, which has a magnetic field
of about 13 kG.

III. ELASTIC SCATTERING

In order to analyze the elastic events we undertook
to scan and measure about 25 000 pictures at 708, 725,
741, 768, and 802 MeV/c. All two- and three-prong
events found in a restricted fiducial region and a
sample of one-prong events were measured on image
plane digitizers and analyzed on the Pisa IBM 7090
computer. Part of the measurements were monitored
by an on-line computer (CEP). Because of the approxi-
mately 30% 7r -contamination of the beam, mentioned
above, it was necessary to allow for the fact that very
forward rr-p and E pelastic scatterin-g are essentially
indistinguishable. Since a good separation based on the

9M. Derrick, T. Fields, J. Loken, R. Ammar, R. Davis, W.
Kropac, J. Mott, and F. Schweingruber, Phys. Rev. Letters 18,
266 (1967); D. Colley, F. MacDonald, B. Musgrave, W. Blair,
I. Hughes, R. Turnbull, S. Goldsack, K. Paler, L. Sisterson, W.
Slum, W. Allison, D. Locke, L. Lyons, P. Finney, C. Fisher, and
A. Segar, Phys. Letters 24B, 489 (1967)."These complications are discussed by J. Meyer, in Proceedings
of the Heidelberg International Conference on Elementary Particles,
edited by H. Filthuth (Interscience Publishers, Inc. , New York,
1968), p. 117."R. Dalitz, in Proceedings of the Oxford International Conference
on Elementary Particles, 1965 (Rutherford High-Energy Labora-
tory, Chilton, Berkshire, England, 1966).

FIG. 1.Schematic representation of the observation of a resonance
in an S channel, or formation, experiment.

kinematic analysis and ionization estimates was found
possible for events with cosa*(0.8 (ee being the c.m.
system scattering angle of the meson), only these
events were accepted. With this cutoG, azimuth angle
distributions were found to be isotropic.

The quality of the separation between m and E
events was tested by comparison of our ir -p differ-
ential distributions with counter results"" at nearby
energies (Fig. 3), and good agreement was found.
The normalization was chosen in order to obtain the
same integrated cross sections in the overlap region
—1&cos0~ &0.6.

To obtain the E path length, we counted the one-

prong events in the fiducial region in all scanned frames.
About 800 of them at each momentum were m.easured
and a correction for off-beam tracks was derived, using
acceptance criteria consistent with those used for
elastic events. Moreover, azimuth losses were deter-
mined for different decay angles C. Events with 4 (10'
(i.e., about 10% of all one-prong E decays, all the ir-li

decays, and possible elastic events with very short
recoil) were removed from the sample, and a correction
was calculated, taking into account the known branch-
ing ratios for the various E-decay modes. Furthermore,
small, angle-independent scanning e%ciency correc-
tions were made to all data.

In Fig. 4 the corrected diGerential cross sections are
shown. The points at cos0'=1 were obtained from the
total E pcross section -in Table IV, and the dispersion
relation calculations by Holley et at."The data points
(including the 0' point) were fitted to Legendre poly-

r Yvr

FIG. 2. Schematic representation of the observation of a
resonance in a production experiment.
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TmLE I. Elastic scattering.

&x-
I',MeV/~)

708
725
741
768
802

No.
of events

432
604
341
417
866

[Imf(0) ~I

2.62~0.25
2.92+0.23
2.72+0.22
4.44&0.40
5.16~0.43

[Ref(0) ~I

0.36&0.18
0.44~0.22
0.50+0.25
0.62~0.31
0.78~0.39

1.76~0.12
1.57&0.10
1.65+0.11
2.27+0.15
3.10+0.20

2.37~0.22
2.22~0.21
2.29+0.20
3.31+0.28
4.23+0.42

1.19+0.21
1.63+0.23
1.90+0.20
3.17+0.30
4.25+0.49

0.10~0.21
0.48+0.21
0.23~0.17
1.15~0.24
1.05+0.41

—0.26+0.19
0.15&0.18

—0.05+0.18
0.14~0.22
0.29&0.37

13.5+0.9
11.5+0.8
11.6+0.7
15.2+1.0
19.3+1.3

nomial series of the form

da/do= (1/4k') &I aIPI(cost)").
A fourth-order 6,t was found to be satisfactory at all

momenta. The corresponding values of the coeKcients
a) are plotted in Fig. I3, and listed in Table I, together
with the other pertinent data. In Fig. 5, the total
elastic cross sections, as obtained by integration under
the fitted differential curves, are given along with the
measurements available in the region of incident rno-
mentum 700(P/E(900 MeV/c. """

+P~ 7F +P

IV. Vo AmLYSrs PROCEDURES

A. Scanning

The scanners recorded any V' inside a Gducial region,
any one-prong decay into a meson which stopped in the
chamber, and any three-pronged decay of a beam track.
{The scan for charged Z+ decays was made at the same
time, but will not be described in this paper. ) The three-
pronged decays are largely v decays into m x m+, but
also include other decay modes with a Dalitz electron
pair.

A partial rescan of the 61m gave single scan efB-
ciencies of (96&1)% for V"s and (94&1)% for the
three-prong decays.
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B. Geometry and Kinematics

Geometrical reconstruction from measurements made
in the two best views for each track was carried out by
rRKD programs as modified by H. Yuta to take into
account all three components of the magnetic field. The
version of Kxcx due to Kopp" was used for kinematic
analysis. First, a three-constraint fit was made to the
Vo, assuming it to originate at a point one mean bubble
gap length past the measured endpoint of the beam
track. If this 6t failed, a one-constraint fit was made
without a measured direction for the neutral particle.
The fits were made for the decays FI.'~ Ir++Ir and
A.~ P++Ir .I the decay fi succeeded, a one-constraint
6t was made to the production reaction.

C. Beam Energy
C

74l Mey/C

Q I I I

I

l OGDEN e/e/
x THIS EXP

rJ

0 -I
COS 8

~T

E-

TT
X$ T y POy

J.
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"N. Gelfand, D. Harmsen, R. Levi-Setti, E. Predazzi, M.
Raymund, J. Doede, and %. Manner, Phys. Rev. Letters 17,1224
(1966}.

FIG. 3. Comparison of the m p elastic-scattering angular dis-
tribution obtained in this experiment arith the results of counter
experiments.

The average energy of the E beam for each of the
nine runs was determined by several method. The
most accurate depended on the kinematics of the reac-
tion X +p ~A+ p. Near the threshold, at 725 MeV/c,
the momentum and angle of the A are very sensitive
to the momentum of the E . The momenta of the runs
at 725, 741, 7|IS, and 802 MeV/c were thereby deter-
mined in a way which is insensitive to the ca/ibration
of the magnetic field or systematic distortions.

Another method used the range and decay angle of
muonsfrom decays X ~/I +I with themuonstopping
in the bubble chamber. These events yield an accurate
measurement, 1argely independent of systematic sects.

'6 J. Kopp, Kick Manual, Brookhaven Qubble Chalnber Group
Internal Report (unpublished).
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Fro. 4. Differential cross section for E p elastic scattering.

The range of the muon tends to be too long to stop at
the lower end of our momentum range, and too short at
the upper end so that these momenta were not as well
determined.

These measurements were in good agreement with
each other, and with the values from the fitted E
momenta of highly constrained events. Comparison
with beam track measurement indicated that the mag-
netic 6eld was about 0.99 times the nominal value.

The values adopted are given in Table II. The
systematic errors on these values should be less than
1% for 594 and 820 MeV(t: and less than —',% for the
other momenta.

D. Event Identi6cation

The output of the kinematic ca1culation was processed
by another computer program which assigned events
to the various reactions, if this could be done by kine-
matics alone. The logic proceeded as follows.

The V' fits were examined to see if the A and K
interpretations, from the measured origin, were allowed.
(An interpretation was accepted if the x' was less than
six times the number of constraints. ) If neither V' 6t
from the measured origin was acceptable, the one-
constraint fits were printed out, with a Rag which indi-
cated that the event needed further treatment.

If both A and K' fits were possible the event was
Ragged as ambiguous, and temporarily assigned as a
K'+n reaction if the production 6t was good, and

otherwise as a A. These ambiguities could almost always
be reso1ved by visual bubble-density estimates. It was
found that ambiguous V"s which failed the K'+e 6t
were almost all A' s, but those which made the fit con-
tained comparable fractions of K' and A's and had to be
individually inspected.

If the V' had an unambiguous fit to a K, the one-
constraint production fit and the missing mass were
examined, and the event assigned to the K'+nor,
K'+n+m' reactions, or to a "no-production 6t"
category which received very few events (3% of the
K'). There was almost no ambiguity between the
charge-exchange reactions and those with the produc-
tion of an extra x'.

If the V' had a fit as a A., a 6t to K-+p ~ A.+~' was
attempted. The primary analysis of the A reactions is
based on the missing-mass distribution, however. Since
this analysis involves the angular distribution, it will
be discussed in Sec. IV G.

E. Cross-Section Norma|ization

K +p~K +p

E 20—
I

b

T.x --P) ..

I0— j x

K THIS EXPERIMENT
REF. ( I 5)

Q REF. (14)
REF. (2 I)

0 .
600 700 800 900

P (Me V/c)

FIG, $, E—
p elastic-scattering cross section.

The number of three-prong K decays was used to
normalize the cross sections, in a way which needs no
correction for X attenuation due to interactions and
decays. The decay length for these decays was com-
puted from the E lifetime and the branching ratio for
decay into three prongs. An inspection by a physicist
checked the scanners' claim that a three-prong event
was really a E decay.

The fraction of three-prong decays which met the
criteria set for beam tracks was determined by measur-
ing a sample of about two-thirds of the events at each-
energy. This fraction of the recorded number of decays
times the computed decay length gave the E path
length at each energy.
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FIG. 6. Differential cross section for E p
charge-exchange scattering.

After one remeasurement, 1% of the Vo's did not
make a three-constraint fit. It was found that about
half of these were real V"s associated with an origin in
the chamber, and the cross sections were increased
accordingly. A similar adjustment was made for the
unambiguous E"s with no production fit.

F. K' Results

Two angle-dependent corrections must be made to the
observed K' events. First, there is a loss of events

t I

700 800 900
P„(MeV/c)

FIG. 7. Cross section for X p charge-exchange scattering.

600

M( ——Q w;P((costI; )/Q w;.

which decay before traveling the minimum acceptable
distance, the "length cutoG, " or live long enough to
escape from the V' 6ducial volume before decaying.
(The former loss is much the more important. ) Second,
there is a scanning loss when the opening angle of the
Ko in the laboratory is near 180', so that the Vo looks
like a background track. traversing the chamber with
a slight kink. Both losses are greater for slow E"s, and
consequently for charge-exchange events where the Ko

emerges at a large angle. The former correction could
be calculated accurately, but it was considered best to
determine the latter empirically.

The loss of large opening angle R"s was investigated
by means of histograms of the cosine of the decay angle
between the Ko line of Nght and the m+ momentum,
in the R'0 rest frame. This distribution should be uni-

form, but the scanning loss leads to a dip for decay
angles near 90', allowing the loss to be estimated. This
was done as a function of the production angle of the
K'. The correction was found to be rather small,
ranging from 0 to 7/o.

To correct for the neutral decays of the E', the ob-
served number of events was multiphed by the factor
given by the M=-,'rule, 2.

The corrected histograms showing the angular dis-
tributions in the E prest frame are -shown in Fig. 6.
The charge-exchange cross section as a function of
energy appears in Table II and is shown in Fig. 7.

The differential cross sections were 6t to Legendre
polynomials with the normalization

do'

P a~Eg(cos8) .
dQ 4k'

The coeKcients u~ were evaluated by forming the
moments of E~(cose) averaged over the sample of JV

events, giving each event a weight inversely propor-
tional to the product of the two detection factors dis-
cussed above:
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ALE II. Charge-exchange cross section.

&x-
iMeV/c)

594
650
668
708
725
741
768
802
820

(mb)

4.40&0.44
5.0 +1.1
3.47+0.34
2.56+0.33
2.90+0.25
2.09+0.25
2.79+0.33
4.68+0.37
4.35w0.39

Cp

0.45+0.05
0.58+0.12
0.42+0.04
0.34+0.04
0.40&0.03
0.30+0.04
0.42+0.05
0.75&0.05
0.72~0.06

0.29&0.09
0.19+0.25
0.17&0.08
0.21&0.09
0.07&0,07
0.10+0.07
0.32~0.10
0.55+0.11
0.24&0.12

0.41+0.12
0.79&0.35
0.34&0.11
0.26a0.11
0.35+0.09
0.28~0.10
0.41+0.14
0.47a0.14
0.46&0.16

—0.08+0.13—0.26+0.38—0.33+0.12
0.12+0.12—0.05+0.10—0.10~0.11—0.11~0.16—0.51~0.17—0.43~0.17

0.04+0.15
0.18&0.43
0.07+0.13—0.02+0.14
0.11&0.12
0.14~0.13
0.48&0.19
0.17&0.19
0.19+0.20

—0.20&0.18
0.83~0.51
0.05&0.15—0.03&0.15
0.09&0.14
0.11~0.15

-& '„0.10&0.20
'-

'
0.05&0.20
0.25&0.22

Since the Legendre polynomials are orthogonal, division threshold. The cross section for these events appears in
of the moments by a normalization factor gives an Table IV.
estimate of the coefFicients,

with
ai = (2l+1)Miap

ap= (k'/m. )piro„.

I I I

K +p~h+X
725 Mev/c

The variance matrix of the u~ is diagonal, to a fair
approximation, in this case. '7 The r-based normaliza-
tion described in Sec. IV E is used to obtain the normal-
ized ai coefficients as defined in Eq. (1), which are
presented in Table II, and Figure 14, with the errors
increased by the statistical error on the number of
three-pronged decays.

The events with an identjL6ed K and a missing mass
greater than that of a neutron plus a x' are assumed to
be examples of

K +P~KP+ri+ '.
Although these events are not kinematically con-

strained, no background subtraction seemed to be re-
quired, judging from the paucity of events with missing
masses above the neutron peak but below the N+7r'

G. Results on A. Reactions

The problem here is to assign the events among the
multitude of reactions which can give rise to a A plus
neutrals:

K +p-+h+7r'
~ zp+mp
—& h+q~ h+m'+n'
—+ Zp+irp+vrp

~ h+7rP+zP+mP
~ Zp+irp+vrp+mp

Only the Ax' and hq reactions oGer any kinematic
constraints, but some further information may be
gained by considering the missing-mass distribution,
which is linearly related to the energy of the observed
A. The idealized distribution for perfect resolution is
shown in Fig. 8 for a Err of /25 MeV/c. (The upper
limit of the missing-mass distribution for Z'm', as well
as for the multipion reactions, is a function of X—
momentum. ) A measured distribution is shown in.

Fig. 9.

h~4
80—

I I I I I I

K +p~h+X
P~=725 Mev/c

756 EVENTS

Xo 0

h{Z') w4m'

I-
Z

LLj

0 400
LIJ
CQ

I I I

0 0.05 O.l 0 O. l 5 0.20 0.25 0.30
m„'(Ele V)'

FIG. 8. Form of the distribution of missing-mass squared which
would be observed in the reaction E +p —+h.+neutrals with
perfect resolution.

'~ R. Glasser, quoted by R. Uhlig, thesis, University of Mary-
land Technical Report No. 545, 1966 (unpublished).

20—

p Ml
-0.05 0 0.05 O.IO O.I5 0.20 0.25 0.30

m„(Bev)

FIG. 9. Missing-mass-squared distribution with Gtted A' s
from E p interactions at 725 MeV/c.
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l

K + p ~ JL+ m ++ ~

K
v) P —= 725 MeV&g

z
43

LU

b.
O
K 20—
LLI

Cl

D
X

0
O. I 0.2

m -(BeV)

0.5

Fio. 10. Pion-pion mass-squared distribution in the reaction
E P ~ Am. +m at 725 MeV/c. The deviation from the phase-space
distribution shows that the phase-space distributions should not
be relied upon in the case of two neutral pions, Fig. 8 and 9.

If orie may judge from the Am.+m=m reaction, omitting
Aq events, the number of events involving three pions
is very small, except possibly at 820 Mev/o, and these
were ignored in the subsequent analysis.

It is not likely that the missing-mass distributions in
the two-pion reactions conform to the result of a phase-
space calculation ignoring final-state interactions. In
fact, a guide to the expected distributions might be
found in corresponding results for the well-identified
reaction leading to Am+~ . An example, for 725 MeV,~c,
is shown in Fig. 10. It shows two-pion effective masses,
corresponding to the missing-mass distribution in the
Am'x' case, which peak near the upper end, with little
resemblance to the shape of phase space. However, the
comparison is probably not valid. The peak in Fig. 10 is
apparently due to the interference of the decays of
Z~(1385) in a T= 1 state. ' Such a state is forbidden for
Avr m'. The major contribution to the two-m' reactions
may well come from the Z'vox' reactions, involving
A(1405) production, but there are similar difhculties
in relating it to the analyzable reactions Z'x+x and
Z+x+m . In conclusion, the missing-mass distributions
corresponding to the two-m-' reactions cannot be pre-
dicted at this time.

In view of these considerations, it seems unwise to
obtain the Z~x' cross section by making an over-all fit
to the missing-mass distribution assuming phase-space
distributions for the multipion reactions, though this
has been done in some experiments and yields relatively
small statistical errors. |A"e have attempted to perform
analyses which give reasonable upper and lower limits
on the number of Z m events.

The information contained in the h. distributions is
of two types, afIIicted by different uncertainties, and
it is convenient to treat them separately. First, there
is the portion of the missing-mass distribution below
the mass of two x"s, including the Am' and about one-
third of the Z'm' events. The problem here is to know
the resolution function so that these categories may
be separated. The region with missing masses larger
than two x"s can be used if the shapes of the two-pion
distributions are assumed, by normalizing them to the

f

600
I

700
PK-(MeV/C)

l

800

FIG. 1i. Cross section for E +p ~ 4+m. , showing limits for
systematic errors, as described in the text, as heavy bars, with
the statistical errors added to these limits.

region beyond the Z'x' limit, excluding the Aq region.
The former method seems to offer more promise in
principle, and will be considered first.

The resolution function was obtained by generating
a Gaussian distribution with the width given by KxcK as
the error of missing-mass squared for each event, and
adding these distributions for events in intervals of E
energy and A angle. It was found that the over-all
distribution is not at all a Gaussian, but at a giver A

angle the distribution is nearly Gaussian. Also, the
width of the resolution function is a strong function of
A angle. A satisfactory characterization of the resolution
function was then obtained by 6tting a Gaussian, with
a width written as a power series in the A angle, to the
resolution functions generated from the real events.
This fit does seem to give curves in agreement with the
shape of the h. peak, at different angles.

A method of analysis has been devised which does
not require that an individual event be assigned as a
Am or a Z'x, and rejects the uncertainty of the A~'
angular distribution I.egendre series coefFicients u~~,

due to the Z'x background. This is a moment calcula-
tion where the function used is not just P~, but P~ times
the missing-mass distribution function, evaluated for
each event. There are two such functions, one for Am

and one for Z z', obtained by folding the distributions
shown in Fig. 8 with the experimental resolution func-
tion whose determination was described in the previous
paragraph. Thus one computes two moments for each
P~, one for A~' and one for Z'x'. If the missing-mass
distributions for these two reactions did not overlap,
these would reduce to the ordinary moments of P&.
Since there is some overlap, the two sets of moments
will be coupled, and it is necessary to solve a set of 2L
simultaneous equations relating the moments to the
estimates of a~~ and u~~, where L—1 is the maximum
order of P~ taken into account. The coefFicients in these
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equations are obtained by numerical integration of the
products of the distribution functions, according to the
usual method of moments. More exactly, the moments
are defined by

N

M&"= (g P&(cos8;)w;f" (y;, cos8;))/g w;, (5)

I.Q

0.8-
0.6-

K &P~h+m'

I THIS EXPERIMENT
~ REF. (22)
& REF. (25)

I I I I

b
0.8—

0.6—

0.4-

where I' may be A or Zp, the quantity f is the value of
the computed distribution function for the event, y, is
equal to the missing mass squared, and mi is the weight.
The weight included the corrections for the loss of
decays near the point of production and outside the
fiducial volume, as for the K 's, and a small correction
for the loss of A's with short protons, revealed by
plotting the proton direction in the A frame for different
intervals in A production angle. The coe%cients of the
equations relating the M&Y with the a&Y are, with
x= cos8,
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The function fx'(y, x) was generated by folding the
ideal Z'm' distribution with the resolution function,
which was assumed to be independent of y over this
rather small range of missing masses. The C~,

YY' were
evaluated numerically. Then, in terms of 2l.-dimen-

sional matrices, the expression for the Legendre
coefhcient is a=a 'M.

This method essentially uses the expected missing-
mass distributions as weights for computing "Am'

moments" and "Z'x' moments. "It is believed that this
technique is not much inferior to a maximum-likelihood
calculation which would be considerably more expensive
in computer time. The computation was carried out for
moments of E'~ up to P6. The error matrix was most con-
veniently calculated by directly averaging the second
moments over the sample:

V= (1/E)((a;—a)(a; -a)r) (7)

where ai is the estimate from an individual event, and
T denotes the transpose. The resulting error matrix has
large off-diagonal terms, which should be used in any
further statistical calculations.

The missing-mass-squared distributions correspond-
ing to the computed coefficients were generated and
compared to the experimental plots as a check. They
were indeed good 6ts over the region used, below the
two-m' threshold.

In order to make use of the other source of informa-
tion on the number of Z'x"s, the events above the
two-m' mass, "extreme" assumptions about the dis-
tribution of the multipion events were made. An as-
sumed distribution which peaks toward high pion-pion
masses, will, when normalized to the region beyond the
Z'x' endpoint, give a relatively low number of multipion

-0.2

Q4

0.2—

bz 0-
-0.2-
-Q4

I I I I I I

I I I I I I

9

I ~II

I I I I I I

600 800 IOOO

P„(Mev/c)

b( o -I ~I II
-0.2-
04 I I I

04
0.2- h

b, o-, 'VIII
-0.2-

I I I

I I

I 1 I I I

600 800 I 000
P (MeV/c)

FIG. j.2. CoefBcients in the Legendre expansion of
the E p —+ h.7I-' diGerential cross section.

events in the Z'm' region, and thus a relatively large
estimate for the number of Z'xo events. Since it turned
out. that this assumption gave a somewhat saba/ler
number than the estimate from events below the two-m

threshold, the range of the estimate reaches the more
interesting limit for the other kind of distribution,
peaked at low pion-pion masses.

A reasonable example of an extreme distribution in
this regard was produced by using the mirror image of
the experimental distribution for A~+m, which peaks
at high pion-pion masses. (The distribution for Z'7r'x'
will be somewhat distorted by the decay of the Z' to
the observed A and a y, but this effect can be neglected
in view of our uncertainty about the original spectrum. )

The result of these two independent a,nalyses is two
values of the number of Z'm"s at each energy. The fact
that the independent estimate from the moment
analysis falls at one extreme of the range of values
estimated from the events overlapping with the multi-
pion reactions may be due to a systematic effect in the
first method, such as insufficient knowledge of the
resolution function, or may refiect the effect of a pion-
pion distribution strongly peaked at high masses.
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TmLE III. A7r angular distribution Legendre coeKcients. '

&z-
(Meyt/c)

594
668
708
725
741
768
802
820

Cp

0.28&0.05
0.30&0.04
0.31+0.05
0.35+0.05
0.34+0.06
0.36&0.08
0.38&0.08
0.42&0.09

0.12+0.05
0.05~0.05
0.07+0.06—0.01~0.04
0.01~0.05
0.15~0.08—0.10+0.06—0.09a0.07

0.09+0.06
0.13&0.06
0.16&0.07
0.23&0.06
0.32+0.08
0.51+0.14
0.46+0.12
0.62&0.16

—0.02~0.07
0.01+0.07
0.16+0.08
0.04~0.06
0.15&0.08
0.21~0.11
0.26+0.10
0.23+0.11

—0.06+0.08—0.13+0.08—0.12+0.09—0.07~0.07—0.01~0.09
0.22~0.12-0.03+0.09
0.27+0.13

bf,

—0.01+0.05
0.09~0.04
0.05+0.05
0.00+0.04
0.04+0.04—0.01+0.05—0.05+0.05—0.04&0.05

—0.03&0.04
0.02~0.04—0.04&0.05—0.07~0.03
0.04+0.04—0.03a0.05—0.17+0.06—0 06+0 05

b3

—0.05+0.03
0.06&0.03
0.04+0.04—0.01~0.03
0.06~0.04
0.02~0.05—0.05~0.04
0.01~0.04

a The systematic error shown in Fig. 1i is not included in these errors.

I4- a

K +p~K +p

Our procedure has been to accept the values from
the moment analysis and the multipion region as repre-
senting the probable extremes of the systematic error,
choosing as the "best" estimate the upper limit from
the second method, and to add, linearly, the statistical
errors to obtain the error range for the Z'z' cross sec-
tion. Since a known fraction of the Z'm' form a back-
ground in the Am' region, the two cross sections are
somewhat related, and the Am cross section is given a
range of systematic uncertainty.

The angular distribution adopted is based on the
moment analysis, but the transformation involved in
normalizing ao~ to the number of events in the "best"
estimate is not, because of the nondiagonal error matrix,
simply a multiplication by a factor. By a standard
statistical procedure, '8 if we change ao~ obtained in the
moment analysis to ao~', the most probable values of
the coeQicients are given by

aL aA+V12(V22) '(as' —ar) (g)

where V11 and V12 are submatrices of the error matrix

V defined in Eq. (7), partitioned according to the
index F.

The errors on the u&~ are also transformed, by

V11 =V11 V12(V22) V21 ~

Finally the a&~ are normalized by the use of the three-

prong decays, and the errors suitably increased. aq, o

is shown in Fig. 11 and the resulting ag~ are given in
Table III and in Fig. 12.

The cross sections for the A1r', Z'1ro, and (?I. or Z') 1r m.

reactions are given in Table IV, along with the cross
sections for all the other observed processes (Fig. 16).
The values for cross sections involving tvro-prong-
plus- t/' events are preliminary. The total cross sections
can be compared with those of Davies et a/. ' The agree-
ment is good for the higher-momentum points, but for
the lower-momentum points, 708, 725, and 741 MeV/c,
we find cross sections which are lower by several
standard deviations. We have not been able to find an
energy-dependent bias in our normalization procedure.
LBecause of the optical-theorem contribution to the
forward point, our elastic-scattering cross sections are
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FIG. 13. CoefBcients in the Legendre expansion of the
E p elastic-scattering differential cross section.
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»A. Mood and F. Graybill, IgtroCktction to the Theory of
Statistics (McGraw-Hill Book Co., ¹wYork, 1963), p. 213.

FIG. 14. CoefBcients in the Legendre expansion of the
K p charge-exchange differential cross section.
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Tmxz XV. Cross sections (in mb) for all the observed processes.

Cha

A.~+m

Z+~
Z m+

Z0m+~

Z+~ A
Z e+D
K01&

(Mev/c)
594

2.78 +0.55
2.1 +0.3
3.75 +0.32
2.54 &0.23
0.14+0.08
0.23 &0.06
0.32 &0.07
0.0 &0.1

650

2.3 &0.5
4.18&0.63
2.93&0.46
0.28+0.18
0.53 &0.18
0.41+0.13
0.15%0.15

668

2.51+0.33
2.20+0.4
3.05 +0.27
2.91&0.25
0.37+0.15
0.25 +0.06
0.32 +0.06
0.07 +0.04

708

2.38+0,42
3.00 %0.35
2.62 ~0,29
3.77 +0.35
0.4S +0.18
0.41 &0.09
0.38+O.O7

0.12+0.06

725

2.M &0.36

3.14+0.25
4.69&0.30

0.76 +0.09
0.65 +0.07
0.08 +0.03

741

2,43 +0.38
3.19&0.3
2.43 +0.23
4.42 &0.34
0.55 +0.10
0.67 +0.10
0.64 +0.09
0.15+0.06

768

2.46 +0.52
3.64 &0.3
3.18+0.34
4.23 +0.39
0.80 &0.13
0.79%0.13
0.85 &0.12
0.06+0.04

802

2.43 +0.52
3.97+0.3
2.31+0.24
2.24 +0.19
0.61+0.17
0.67 +0.09
0.6S &0.08
0.29 +0.07

820

2.58 +0.56
3.26 +0.35
2.32 &0.21
2.59 +0.20
0.60 &0.15
0.89+0.10
0.87 &0.09
0.26 +0.08

2.60+0.24 2.77 +0.22 3.33+0.29 3.36+0.20 3.40 +0.25 4.16&0.33 2.93+0.21 3.13+0.24

+m-~0

Inelastic&
ZN
Total
Z0~0

Ag

~ ~ ~

1.7 %1.0
0

~ ~ ~

1.5 &0.5
0

0.0 +0.06 0.0 &O.i 0.0 +0.05
14.5 &1.0 14.5 *1.0

0.0 &0.06
16.5 +1.2
16.1 +1.0
32.6 &1.6

2.0 +0.7
0

0.08 %0.03
(18.9 &1.0)d
14.4 &0.7
33,3 +1.2

1.9 +0.7
see Ref. 2

0.32 &0.08
18.2 ~1.0
13.7 &0.8
31.9 +1.4

1,7 &0.7
0.93 +0.14

0.32 +0.07
20.5 +1.4
18.0 +1.1
38.5 +1.8

2.4 +0.5
0.71 +0.11

0.14&0.05
16.2 +1.0
24.0 &1.1
40.2 +1.5

1.0 &0.9
0.21 +0.09

0.10~0.04
16.6 +1.0
23.1 ~0.8e
39.7 &1.3
1.3 &1.0
0.07 +0.08

a The Z +0 cross section is included. The estimate of this cross section alone, with a larger error is given below.
b The Ag cross section is included here. The Ag cross section is given below from Ref. 2.
& Correlations have been taken into account in computing the errors on these cross sections.
~ Missing partial cross sections interpolated.

With elastic scattering from L. Sodickson, I;. Mannelli, D. Frisch, and M. Wahlig, Phys. Rev. 133, 8757 (1964).

sensitive to the value used for the inelastic cross section.
If the cross section of Davies et a/. is adopted, the
changes in the elastic-scattering cross section are+0. 6
mb (708 MeV/c), +0.6 mb (725 MeV/c), +1.1 mb
(741 MeV/c), —0.2 mb (768 MeV/c), and +0.1 mb
(802 MeV/c. ]

V. CONCLUSIONS

Since the results for the Ax' and Aq reactions have
been discussed in previous papers, we here concentrate
on the elastic-scattering and charge-exchange reactions.
Our object is to see if these can be interpreted in terms
of the known resonances Z(1660), A(1670), A(1690),
and Z(1770).

The most interesting structure in the KE reactions
appears at momenta around 800 MeV/c. This is just at
the upper end our our momentum region, and at the
lower end of the CERN-Heidelberg-Saclay (CHS) run.
The CHS collaboration has recently presented a partial-
wave analysis of their charge-exchange data" and of
the elastic-scattering data obtained from the same ex-
posure by the Chica, go group, "in the momentum band
780-1200 MeV/c.

As mentioned in the Introduction, this analysis sug-
gests the presence of the A(1690) with J"=32 or Doa,
in the notation Ly, ~~. They find a resonant energy
Eg ——1699~2 MeV, width I'=33~15 MeV, and elas-
ticity @=I', i/F =0.19+0.07. It was observed, however,
that this resonance lies at the lower edge of the momen-
tum region examined, so that no firm conclusion on its
properties could be drawn. Their fit does not agree with
our data below 800 MeV/c.

"R.Armenteros, M. Ferro-Luzzi, D. Leith, R. Levi-Setti, A.
Minten, R. Tripp, H. Filthuth, V. Hepp, E. Kluge, H. Schneider,
R. Barloutaud, P. Granet, J. Meyer, and J. Porte, Phys. Letters
24B, 198 (1967).

Since our data cover the low side of the resonance,
we thought it worthwhile to use the two sets of results
for a new partial-wave fit in the region 600—900 MeV/c.
%e used the same assumptions as in the CHS work:
The resonant amplitudes were described by a non-
relativistic Breit-signer form, the background ampli-
tudes were parametrized as linear functions of the
laboratory Inomentum, and no background was as-
sumed in the resonant partial waves.

The program Mrwvn" was used to find the best 6t
to the data under the following conditions: (a) One, at
most, of the amplitudes Dp3 I'p3 I'pi is resonant in the
1700-MeV region. The parameters of the resonant
amplitude are 6t. (b) The Dis amplitude is resonant at
1662 MeV with I'=49 MeV. The elasticity is 6xed at
0.03, or in some cases fit. (c) The other resonant ampli-
tudes are kept fixed, with the CHS" parameters. (d) The
background amplitudes are Gt. (No resonance is as-
sumed in the S waves. ) (e) Unitarity is imposed.

15—
K +P~K+fl

00

II

lI/
'Tg~J-

J.

I
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700
I

800
P„- &MeVlc)

I
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FIG. 15. The e0 coefBcient in the Legendre expansion of the
E p ~EN di8erential cross section, the sum of the elastic and
charge-exchange scattering.

"F.James and M. Roos, MINUIr, CERN Library D506, 1967
(unpublished)."R.Uhlig, G. Charlton, P. Condon, R. Glasser, G. Yodh, and
N. Seeman, Phys. Rev. 155, 1448 (1967).
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TABLE V. Results of fits to elastic and charge-exchange scattering.

V(2700)'
resonant

state

D03

X'/&L

149/103

Eg, MeV F, MeV x(2700)

1701 28 0.28

x(2660)

0.03 axed S01
Sl1
Ppl
P11
P03
P13

0.20
0,11—0.07—0.20—0,21—0.29

State Reu
Backgroundb

Imu Reh

0.79 0.19
0.74 0.53
0.63 —0.66
0.05 —0.33
0.52 —0.96
0.21 —0.20

Imb

0.77
1.03
0.78—0.29
1.30
0.25

P03

180/203 1717 143 0.49 0.03 Gxed S01 0.05
S11 —0.15
Ppi —0.02
P11 —0.08
Dp3 —0.07
P13 —0.15

0.54
0.45
1.08
0.58—0.13
0.14

0.67—0.57
0.95
0.33—0.09—0.87

0.49
1.55
2.04
1.12—0.78—0.04

P01

190/103 1699 38 0.43 0.03 fixed S01
Sl I
P11
P03
P13
D03

—0.00
0.49—0.04—0.19—0.34—0.26

0,66
0.55—0.14
0.72
0.35
0.07

0.09
1.99
0.10—0.49—0.56—1.06

0.09
1.23—0.43
1.31
0.34—0.06

a Other resonant states parametrized as in the CHS work (Ref. 19).
& The background amplitudes are parametrized by a+b(Pz- —1), where Pz- is the laboratory momentum in Gev/c.
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Fn. 26. Inelastic cross section excluding charge-exchange
scattering, as a function of E momentum. The composition by
individual channels is shown. (The E p —+ E'p7r channel is not
shown. On the basis of very few events, this cross section was
found to be less than 0.1 mb at all momenta. )

The results are shown in Table V. The best fit so far
obtained under these assumptions corresponds to a Bps
partial wave resonant at 1701+4 MeV, with I'= 28~8
MeV and elasticity x=0.28+0.04, where the errors indi-
cated have only a qualitative significance. The elasticity
of the Z(1660) was fixed at 0.03, a value at which it has
an ill-defined minimum in some fits. The fits are not
sensitive to this parameter. This fit is shown in.Figs. 13
and 14. It is very similar to the CHS fit at the upper
end of the momentum interval.

The g' of this fit is 149 for 103 degrees of freedom. The
fit is improbable statistically, but it does reproduce the
general shape of the experimental points rather well.
There does seem to be a discrepancy in the comparison
with the ao coefficients for Epand E'n. Th'ese show a
more pronounced peak at 800 MeV/c than the fitted

curve does. This is more evident in the plot of ap~~
= aox '+aoK'n, Fig. 15. The interference term between
T=O and T=1 isotopic spin states vanishes in this
sum. This kind of discrepancy might be evidence for a
failure of the assumption that there is no background in
the resonant partial wave.

Another peculiarity worth noting is that the energy
of the Dp3 resonance, presumably to be identified with
the A(1690), is determined to be 1701 MeV from this
fit to the EE channels, but was found to be 1682 MeV
in the fit to the Zm channels. ' The data for these fits
came from the same bubble-chamber exposures, so
there can be no question of energy calibration. The
inelastic cross section, excluding K n, from this experi-
ment is given in Table IV and in Fig. 16. There is a
peak around 750 MeV/c due to unresolved contribu-
tions from Z(1660), A. (1670), and A(1690). The largest
contribution is probably from A(1690). The inelastic
peak, which comes largely but not entirely from the
Zz reactions, is seen to lie around 1680 MeV, removed
from the 1701-MeV value by at least one half-width.
The peak in the total T=O cross sections was found by
Davies et al. ' to be at 1700 MeV.

The shift between the elastic and inelastic resonant
energies seems to be a real eQect. The width obtained
here for the Dpa resonance, 24 MeV, is also rather in-
consistent with that found in the Zm channels, 55 MeV.
Perhaps it is due to a channel shift of a single resonance,
or it may indicate a more complicated structure than
has been assumed.

Fits were also tried for a Ep~ or Eps resonance, with

poorer X', as shown in Table V. A Qt assuming no
resonance around 1700 MeV gave a X' of 202 for 102
degrees of freedom.
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Even within the assumptions made in searching for a
partial-wave fit, the present results do not by any
means represent a complete search for di6erent minima
in X'. A more elaborate analysis and, probably, more
accurate data will be required to give a definitive result.
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Study of Neutral Final States Produced in ~-p Collisions at Momenta
of 1.71-2.46 GeV/c
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We have studied neutral final states produced in ~ p collisions at momenta of 1.71, 1.89, 2.07, 2.27,
and 2.46 GeV/c, by observing the p rays emitted. In particular, measurements are presented of (i) w p —+ ~'n,
for which the Regge-pole fit at momenta &5,9 GeV/c also agrees rather well here; (ii) m p —+ yon, for
which the Regge model which fits at higher energies does not agree here; (iii) m p —+ ~'pn, in which there
is some evidence for a diBraction dissociation process as well as co'-meson production; (iv) m=p —+ +'m-'n,
which is dominated by production of N*'(1236)~' and by peripheral production of pion pairs. In (iv), the
former process is found to fit with the same Reggeized p-meson exchange model as charge-exchange scatter-
ing, while the latter gives indication of the s-wave m.~ interaction, An account is given of new techniques,
particularly in the data analysis, which were developed in the course of this work.

1. INTRODUCTION

HE results of a spark-chamber experiment which
studied the neutral Anal states produced in m p

collisions are reported by us. When a counter system
showed that an incident pion disappeared, with no
outgoing charged particles produced, spark chambers
urrounding the target were triggered to detect p rays

produced. The experiment was initially designed to
study charge-exchange scattering,

7r +p —+ n'+e,

in the neighborhood of the 1V*(2190) which was re-
ported as a peak in the m p total cross sections. ' How-
ever, it proved necessary to design the experiment so
that it could also study reactions in which more than

*Present address: Brookhaven National Laboratory, Upton,
N. Y.

$ Present address: Rutherford High Energy Laboratory,
Chilton, Berkshire, England.

f. Present address: University of Lancaster, Lancaster, England.' A. N. Diddens, E. W. Jenkins, T. F. Kycia, and K. F. Riley,
Phys. Rev. Letters 10, 262 (1963).

two p rays are produced, and other interesting results
have been obtained from study of these channels.

Some of the results of this work have been published
previously. In a letter' we presented graphs of the
angular distributions for charge-exchange scattering,
demonstrating that they were very close to the angular
distributions deduced from a Regge model using the
same parameters as were found to fit the angular
distributions at higher momenta from 5.9 to 18.2
GeV/c. It is of course surprising that the Regge model
should work at all well at the momenta of our experi-
ment. We also showed' that the same Regge model
fitted well the angular distribution found for the
reaction

(2)

in our experiment. The fit to the charge-exchange
angular distributions was not perfect, but the dis-
crepancy was such as could be explained by interference

2 A. S. Carroll, I. F. Corbett, C. J. S. Damerell, N. Middlemas,
D. Newton, A. B. Clegg, and W. S. C. Williams, Phys. Rev.
Letters 16, 288 (1966); 17, 1274(E) (1966).


