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Final States with Two o* More Strange Particles
from 4.25-3eY/c X-p Interactions*

G. S' ABRAMs, t R. G. GLASSER~ B. KRHOE~ B. SECHI-~ORN, AND G. woisKYt
Unsssrsity of 3gorylurtd, College Pork, maryland 2074Z

(Received 5 April 1968)

Final states with two or more strange particles produced by 4.25-BeV/c E p interactions were studied in
a 5.3-event/yb exposure. A search for ~ resonances found only the -*(1530) produced in measurable
amounts. The data suggest a ~(2225) with isotopic spin $. The mass of the p meson is measured to be
1021.5+0.8 MeV from Ap events with p ~ Xj EP. This result is 3 MeV higher than that found in other
experiments using stopping E+ and E mesons from p -+ E+E .The results of a search for other meson and
baryon resonances are presented.

I. INTRODUCTIOÃ

~ 'HE authors have studied a 4.2-3eV/c E ex-
posure for the production of baryon resonances

with strangeness 5= —2, generically labeled * reson-
ances. Preliminary reports'-' discussing portions of the
data have already appeared in the literature. This
paper contains our 6nal results. 4'

F111R1 stRtes of, AE, Rnd ZE pl'odllctloli pl'ocesses
were analyzed for possible structure. By-products of
this analysis were the observation of the production'
of an 0 and final states containing XEEE. Cross
sections for the observed processes were found to be
of the order of 10 pb or less in any single final state, so
that with the path length of this experiment (5.3
events/t4b) the observed number of events in each
channel is typically less than 50. Detailed analysis of
the individual channels is therefore not warranted,
but we have tabulated the observed cross sections and
compared them, where data were available, with values
from experiments at diGerent energies.

II. DAYZ COLLECTIOm amD EVmvaTIOm

The Brookhaven National Laboratory 80-in. hydro-
gen bubble chamber' was exposed to a high-energy
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(electrostatically) separated E beam. r ' Approxi-
mately 110000 pictures were taken in two exposures.
The beam momentum was 4.25 BeV/c (as determined
fl'onl a kinematic flttlng of r decRys of beam tl'Rcks)
with a momentum spread of +0.031 SeV/c. The beam
had a light-particle (pion, muon, and electron) im-
purity of 20% (determined from a count of 5 rays
)120 MeV on beam tracks); w contamination was
determined to be (3.4&0.9)% from pion-induced
associated production events observed in the film.
From 2500 ~ decays of beam tracks, we estimate that
1.2 million E mesons entered the chamber. The path
length in the 6ducial volume corresponded to an inter-
action rate of 5.3&0.2 events/ttb of cross section.

The entire 61m was scanned twice for events with
two or more visible signs of strangeness (a sign of
strangeness being the decay of a charged or neutral
particle) and for r decays of beam tracks. Charged
meson decays and y-ray conversions were eliminated
wherever possible on the scanning table through a visual
ionization estimate. The E+ decays were ignored be-
cause of the overwhelming contamination by pion
decays. The random scanning efficiency was (99~1)%
for two strangeness events, and (98+1)%for r decays
(for the combined scans).

Events were measured on standard 61m plane
digitizers, and processed by the Maryland three-view
vcI"sion of PAcKAG. Kinematic 6ts ol Inlssing Inass
(MM) calculations were performed for all E p and
Ir p production hypotheses consistent with the observed
decays. About 40% of all events were ambiguous after
kinematic 6tting.

AQ events found in the scan were checked on the
scanning table by two physicists for consistency of the
acceptable (at the 1% level of Xs) hypotheses with
observed ionization. Where visual estimates werc in-
adequate to distinguish alternative hypotheses, a
measurement of the gap-length distribution was made
on a dlgltlzcd IQlcI'oscopc. Ylic IQlcroscopc IQcasul cIQcnt
easily distinguished a track of I.3Xminimum from one
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lished).
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of minimum Ionization 1'f SUKCIcnt -length of - track
eras available. The ionization measurements reduced
the ambiguity rate to 10/q, small enough so the error
introduced by event misidcnti6cation is usually negligi-
ble. All events with no physica, lly acceptable hypothesis
werc studied and. remeasured if necessary. The 6nal
tvro-strangencss sample contained about. j.000 events.

To ensure a uniform efficiency Rod to eliminate many
events included because of meson kinks and. electron
pairs arising from y-ray conversions, several require-
ments vrerc imposed on the decaying strange partic)es.
A minimum projected length of 0.25 cm and a maxi-
xnuxn total length of 60 clTl were lcqullcd. Thc decay
was also required. to occux' within a volu~e which en-

sul cd lts measurability.
Sma.ll angle decays of chaxgcd strange particles

(Z+, ) were missed, but the observed angular dis-

tributions mere consistent with the hypothesis that
there was no signi6cant loss of events for decays in
which the projected angle (between the charged de-

caying track and its charged secondary) was greater
than 5 . Thc SRITlplc was thclcfox'c limited to dccRys
with px'ojected angle greater than 5'. Corrections have
been made for the loss of events at smaller angles as
vill as for the events lost by the length requirements.
The length cuts x'equired a correction of only a fcw

percent of the events, while the angle cut required a
30-40% correction. The corrected data agree with the
expected decay distributions of the particles, providing
a check on the validity of the corrections used.

The distribution of mass measurements of the E~'
and the A, from measured (un6tted) momenta of their
charged decay secondaries, indicated that the magnetic
field as determined by Brookhavcns was 0.5% too low.
TlM 6cld Used 1Il oux' geometry and RxlRlysls program
%'Rs alter'cd accoldlngly. Ixl' addltlonq axl RsymITlctl"lc

shift, from measured to fitted value, of some of the
track parameters was observed. The effect of this on
all the results presented later was reduced to a negligible
level by the imposition of lower limits on the calculated
angle errors. These adjustments are discussed more

fully in Refs. 4 and 5. After these adjustments wc
determined a A mass of III5.75&0.09 McV and a EI'
ma, ss of 497.5+0.2 McV, and our measurements of
the masses of most of the well-known resonances are
consistent with accepted values,

%'e have examined the square of the c6cctive mass,
M', for various combinations of particles in the Anal

state. Despite the fact tha. t the observed two-body Rnd

quasi-two-body differential cross sections suggest a
pcI'Ipllcl'Rl ploductlon IllccllRlllsI11 (Rs sllow11 below)

the 3f' distributions show a tendency to follow phase-

spacc. Thc slTlooth curves on thc 3P distributions arc

sB. B. -Cul%ick, QrookIIaven National Laboratory gnterna
Report No. BC-05-2-6, 1964 (unpublished).

the results of phase-space calculations norxnalized to
the observed number of events unless othe+vise stated.

All distributions discussed include events ambiguous
among two or more production hypotheses. Since the
ambiguity rate is rather small, this ra,ises no serious
problems.

Thc 3P dlstrlbUtlons Rx'c uxlcorrcctcd for gcolxlctrlc
and neutral decay mode losses; the spectra remain
qualitatively unchanged when these corrections are
made. All quoted cross sections in the body of the paper,
in the 6gurcs, and in Tables I Rnd II, do include Rll

such corxcctlons howcvcx.

It has been noted, in lower-energy experiments'0
that "s tend to be produced in the forward (beam)
direction in E p collisions. The differential cross sec-
tions for E+ and " E*+(890) at 4.25 BCV/c (see
Fig. 1) show the same behavior, and may be understood
qualitatively as evidence for baryon exchange media, ting
the peripheral production process. There is reasonable
agreement with an exponential fallo6 in the forward
direction..E production has been observed" to decrease (well
above threshold) with laboratory beam momentum
P~ RS

o (g)~1/Px4

The cross section at 4.25 BCV/c for E+ (see Table
I) 18 collslstcllt wltll tljat follnd Rt lowcl' cllcl'glcs 1'c"

duced by such a falloff. If the *(1530)E state is
plodUccd by R SixnllRX' productloxl mechanism then the
expected" cross section at 4.25 BeVjcwould be approxi-
mately 2-3 pb for either charge mode. Our da, ta, based
on the decay mode of the resonance, are consistent
with such an. estimate.

While production of "(1530) and E in a quasi-two-
body mode is observed to be low, 6nal states which
have extra pions are morc copiously produced. . The
largest e(1530) cross section appears in the four-body
stR'tcs gErrrr (~12 Irb). IIl Flg. 2(a) wc sllow tile dls"
tribution of Ms(.s)' from the five-body states "Estrs.
which has the largest signal above background. Thc
"*(1530)', as observed in decays via - s+ in these
states~ has R mass Rnd %'ldth of

M = 1533.6+4.8 McV) F= 13.2+5.7 McV

estimated from a, Gaussian ideogram of the data, .

«o See, for example, G. W, London, R. R. Rau, ¹ P. Samios,
S. S. V'amamoto, M. Goldberg, S. Lichtman, M. Primer, and
J. Leitner, Phys. Rev. 143, 1034 (1966).

"D. R. 0. Morrison, Phys. Letters 22, 528 (1,966); invited
paper at Stony Brook Conference on High Energy Yvyo-Body
Reactions, 1966 (unpublished),

'~This estimate uses a *OEo cross section of 56&11 p,b and a
E+ cross section of 22+7 pb, both observed at 2.24 BeV/e

(see Ref. 10).-
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Pro. 1. Differential cross
sections for two-bod+ 8
production processes: (a)E p ~ E+, 26 events;
(b) Z-p ~ =-'E*(890~+, 38
events. (I is the squared
four-momentum transfer
from the E to the
while No is the value of I
when the angle between the
E and the is 0'.)
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TABLE I. Cross sections of final states. The nninher 0«»erved events»s«ii 'nellie the aplwrt'oned a~h'gnons e"ent

Final state

No. of
observed

events

Cross
section

Final state

No. of
observed

events

Cross
section.

E+
~~OEO

E+ o

~ Eo~+
Z+E' Eo
Z E+Ko
ROE''jo
~EBEN
+EjOE&0

XE+ +

E'g+x
PE'x+x
eEg Eg Eg
E pE'joEjo
Z+E Eon'
Z+7f —ExoE,0
Z+m=EPEP
Z-E+Eo~o
Z m+EjoEP
Z m+EPEP
ZOE+Eo~-
ZoE-E~~+
AEl Eg g
X�E+Eo-
~X-Eo~+
--E+~+~-~'

3EO~+~ ~+
nE m+EIOEjo

nE+m EgEj
vr pEjoEIDEP

26.2
5.0

24.1
47.6
4.0

15.0
11.8
18.1

32.0
34.2
20.0
2.0
3
6.6
4.0

~12
8.2
1.0

8.0
19.9
10.0
26.5
25.5
38.8
16.2
2.0
1.0
2.0

15r4+3.0
10.5&5.5
12.8+2.5
19.4+2.8
3.6~1.8

11.8~3.2
5.6+1.7
8.4+2,0

30.0a4.3
15,0a2.7
28,8&5.0
29.6&4.8

1.4W1.0
1.4&0.8
6,0~2.3
2.9&1.5
8.9&2.7
7.6+2.4
0.6a0.6

15.3~2.5
7.4+2.8

20.4m 5.0
7.3~2.3

25.2+4.8
26,2&5.2
16.1+2.6
5.4+1.3
0.9+0.6
0.5+0.5

E pEj, Eg m

5+m EPEPxo
Z-E-E'~+&+
Z E+X'x+m

Z Ej.Eg m+m

AXjoEjox+x

XE,OE,~~+~-

A.E+Eox m.o

XE-Eo~+~o
E~m.+m m+m'

2.0
2.0
2.0
2,0
3.0
-4.0

132
2.0

E++MM
OEO+MM
-E'~++M M

=--E+~-~++MM
OE~m-+m +MM

=--Eo~+~-~++MM
EjoEPEP+ MM
E pEPEP+M M
2+m EP+MM
Z+E Eo+MM
Z+x EPEP+MM
Z+~ Ejo+MM
Z-E+Eo+MM
AEP+MM
EPEP+MM

OE yo+ MM
AE Eom.++MM
XE+Eo~-+MM

Total

1.0
1.0
3.0
1,0
1.0
4.0

~0.2
123.0
20.0

7.0

276.0

Missing-mass events
23.0
13.0

~15
5.0

13,0

0.9+0.6
1.5+1.1
1.6+1;2
1.6+1.2
1.4~0.8
2.1+1.1.

2.8~1.8
7.4~2,6

12.4+3.6
1.5+1.1

11.4~2.2
15;3+4.3
5.9+3.7
2.0+0.9

13.3+3.7-
0

0.8+0.8
0.5+0.5

1.4+1.4
0.6+0.6

9.3+2.1
5.2~2.Q

131.4+8.7
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Fxo. 2. EGective mass-squared (M') distributions from five-

body ™~states: (a) M'( x+)+M'(™pro), 65 events plotted
twice; (b) M'(™*ox },14 events (™*0m.K+~ plotted twice), and
12 events (~ m K w+ plotted once). The *0 is defined by the
limits 2.3&jII'(™*0)&2.4 BeV'.

Lower-energy experiments" " have indicated the

possible existence of higher ™*resonances at 1705,

1815, and 1933 MeV corresponding to M'=2. 9, 3.3,
and 3.7 BeV'. From the rapid falloff in two-body

processes, J or *K,we do not expect to see two-body

production reactions of these higher ™*rswithin the

statistics of this experiment. Evidence from the multi-

body states indicates no significant evidence for a
decay mode of any of these enhancements. The
states appear to show an enhancement near 2.0 BeV
in the *(1530)s system; although the eRect I see

Fig. 2(b)] may be related to the ~(1933), the enhance-

ment is not strong enough to demand a resonance

interpretation. In summary, we find no definite evidence

for any higher ™~states decaying to x or
's also have been observed to decay via AE (but

not ZE, AE~, etc.). A narrow 2.5-standard-deviation

enhancement (seven events in a bin where two events

are expected from phase-space considerations) appears

in the region of the (1815) in the distributions of

M'(AE) from the states JtEPZ+~~. This is the only

positive evidence bearing on a hE mode of a

"j.Badier, M. Demoulin, J. Goldberg, B. P. Gregory, C.
Pelletier, A. Rouge, M. Ville, R. Barloutaud, A. Leveque, C.
Leveque, C. Louedec, J. Meyer, P. Schlein, A. Verglas, D. J.
Holthuizen, W. Hougland, and A. G. Tenner, Phys. Letters 16,
~7~ (~965}.

"G. A. Smith and J. S. Lindsey, in Proceedings of Second
Topical Conference on Resonant Particles, Athens, Ohio, 1965

(unpublished}.
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FIG. 3. Distributions showing an S=—2 baryon-state enhance-
ment in the region of 2225 MeV: (a} Mass squared for the com-
bination " m x from the final state m x m+K+. (b) Mass
squared for the combination MM from the final state K+MM.
The curve is the phase-space distribution for ™x'~' from

K+m x . While an admixture of three- and four-x states is
expected, the two-xo state is probably predominant and gives an
upper limit to the phase-space distribution in the region of 2225
MeV (4.95 BeV').

%e have investigated all M' distributions in the
observed final states which have baryon number
8=+1 and strangeness S=—2, but have found no
evidence for ™*production other than that cited above.
In particular, our final data show no enhancement at
2270 MeV, contradicting the preliminary evidence' for

a ~(2270). Although, as would be expected, two stand-

ard deviation enhancements abound in these S=—2

distributions, only an enhancement at 2225 MeV, with

a width of about 25 MeV, appears in more than one

distribution. This eGect appears in the distribution of
M'( n s') in the final state " s s'~+X+ (implying
T)—,), see Fig. 3 (a), and in the distribution of the mass

recoiling from the E+ in the ™~events which are con-

sistent with the production of two or more neutral

pions (implying T&-,'), see Fig. 3(b). The curve in

Fig. 3 (b) is the phase-space distribution appropriate to
the hypothesis that the missing mass is composed of
two x' mesons. This hypothesis gives an upper limit to
the phase space in the region of the enhancement.
Since the total evidence for this T=-,' effect is 24 events

where phase space predicts 12 events, a resonance inter-

pretation of the enhancement is by no means necessary.

In conclusion, cross sections of known ™*rsappear
to be small at 4.25 BeV/c (see Table II) and no con-

vincing evidence can be presented for the existence of

new ™*rs.The * data are consistent with a very rapid
decrease in the two-body production cross sections as

the beam momentum increases, as already noted for

the E production cross section.
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B. Y* Production

We have observed production of the low-lying F*'s:
Fi*(1385),Fs*(1405),and Fs*(1520).These resonances
are seen recoiling from a EE combination in four-body
final states. Although the number of events is rather
small, the Fq*(1385)+ in the state Ae+E'E appears to
be produced in a backward direction, while the F~*-
(1385) appears to be forward in the state h~ E'E+.
These tendencies are in agreement with other experi-
ments which indicate that exchanges with ~DQ~ =2
appear to be suppressed (the result of this experiment
apparently generalizes the earlier observations which
were based on two-body reactions).

In the final states Z+s. EsE', resonance production
is copious LFs*(1405), Fs*(1520), E*(890), and
P(1020)j.As can be seen from Figs. 4(a) and 4(b), the
double resonance state Fs*p is produced peripherally
in qualitative agreement with a E and E* exchange
production mechanism. The diBerential cross section
for the states Fs*(1405)p and Fs*(1520)p is seen to be
similar to that of Ap l see Fig. 6(a)j.

We find no evidence for EK, E, and YEK decay
modes of Y* resonances. We also see no sign of higher
F*'s such as the 1760 or j.820.
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-I.o
lM l 1 wl I I

0„ I.o
cos (v„K-)

»G. 4. Angular distributions from the states Z+m+E0E0 (in
the overall E p center-of-mass system): (a) Production angular
distribution of p mesons, 31 pZ+~+ defined by the condition
l O&~'(lt&'Es'1&f. t BeV'. Shaded events fall within a Fs*
band (defined below), 18 events. (b) Production angular distri-
bution of Fo* hyperons, Fo*(2405) and Fp*(1520), 40 events
de6ned by the conditions 2.84M'(Zx) &2.2 BeV' or 2.3&3P(Zm)
&2.5 BeV', respectively. Shaded events fall in the p band (see
above), 18 events.

C. X*Resonances

Production of the E*(890) is seen in almost every
state in which a Em combination exists, and comprises

TABLE II. Cross sections of intermediate resonant states.
Quoted errors include statistical effects and uncertainties in
background estimation.

10-40% of the cross section for such states. The E*(890)
appears most copiously in the two-body state E*+,
where both the E'm+ and the E+x decay modes of the
E*(890) are observed. The measured mass and width
of the E*(890) in this state are

M =900+16 MeV, I'= 65~19 RleV

Intermediate state

~(1530}oE0
M (1530) E+~ (1530)oX ~
=-*(2530)-Eo~+~ (1530)0E+m

Z*(2530)oEo~+~

e(1530)oE+~ ~o

=- (1705)oEo
"-+(1705)-E+
=-*(1815)oEo

*(1815) E' +

+~(1815)oE+m

X~~'y
F,+(2405)Eoxo
Fo*(1520)EoXP

F (2385)+(XE)+
E*(890)~-
E*{890)~-~o
E*(890)o=--~+
E*(890)~~-
E*(890)PM™~m+~0

E*(890)~M m x+

Observed final states

+Eo
Mw-~oE

" x+EP7fo

~0Eo~+, ™oxEon+

1l
M +E+

x+Eox+m

x+E+m ~p
M +EP

oE+
~oEo
AE E m.++h.E E+m.

h.EIoEg
Z+m+EPXP
Z+g+EoEo
Z+~+EoE0
X~-EoE+, Z~+EoE-

g E~@
Epw+ -~o

E~'M ~+ E+m M X+
Xom+ om

E+g gp ~+~0

E ll IK K K E

Cross section
in observed
6nal states

2.0+0.9
0.5+0.5
4.7+2.5

11.6+6.2
—0.2+0.6

3.8~1.3
3.5+1.6
1.5+1.1

-0.2+0.4
1.5+1.6

5+3

17.2+3.0
103+2.5

5+2
4+2
5+2

12.1+3.4
7.2+4.6
8.7+5.0

13.1+7.2
2.4+3.3
7.8+3.4

in good agreement with currently accepted values. As
shown in Fig. 1(b), there is a marked similarity between
the diGerential cross sections for production of ™~E*-
(890)+ and for E+ LFig. 1(a)$. The simplest pro-
duction mechanism is baryon exchange which predicts
a forward peaking; for the observed reactions the
isospin of the baryon must be 0 or 1 (with T.=G), and

hypercharge P'= 0.
There is some indication of possible production of

the «(725) in the three- and four-body states. The
magnitude of the enhancements does not preclude the
possibility of a statistical fluctuation. No E* of mass
higher than the 890 was seen.

D. $ Meson

The p meson, decaying via the mode E~'E2', is

copiously produced in the states Ap and Zs.g (we have
already noted the Fs*g production). In the h.d events
the mass resolution of the EK pair is about 4 MeV, so
these events provide a good sample with which to
determine the mass and width of the g.

The particular chain of reactions with which we are
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concerned is

IC +p —&iL +

P+rr Kis+Kio

rr++s. .

where both E mesons come to rest in the chamber
through energy loss by ionization, and used. the range-
energy relation to obtain- precise values of the IC~

nxomenta. The result of this measurement was M~
=1018.6+O.S and Fq ——3.4+1.7. While the width mea-
surements are consistent, the discrepancy in the value
of the ip mass is significant. Since the Q value of the

Contamination from ™0-production processes and m-in-

duced reactions can be shown to be negligible.
As a means of estimating and reducing the possible

contamination of events of type (1) by events in which

a Z" (rather than a iL) is produced, we have utilized

the square of the mass recoiling from the AEi', M„„;i'.
The distribution of that quantity far all zero-prong
AKis events is shown in Fig. 5,(a). The shaded events
on that figure are those which fit the process K +p~ iL+Kis+K' (unseen). Using Monte Carlo techniques
we have generated the shape of the expected distribu-
tion from Z production. This distribution, with a
normalization which represents an upper limit to the
contribution is shown by the smooth curve on the figure.

We have based our determination of the p mass on
those events which (i) have a successful fit to the
AKi'(K') production hypothesis, (ii) satisfy 1.02

&Mrr, orr&&1.06 BeV', and (iii) haveM„, ,„is&0.26BeV'.
(This last criterion reduces the expected Z' contribution
to less than one event and the resulting distortion of
the LL mass to a value well within our quoted error. )

The M~, o~0' spectrum in the p region for those events
satisfying criterion (i) above is shown in Fig. 5(b) and
the Gaussian ideogram of the 24 events satisfying all
three criteria is shown in Fig. 5(c). The measured
value" of the g mass is then

3fp
= 1021.5~0.8 MeU.

The width of the it meson was measured using the same

sample of events by comparing the observed distribu-
tion with a Monte Carlo calculation. We find
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The most precise previous measurement" of the mass
and width of the p meson has been performed in a study
of the final state K+K rr+rr arising from pp inter-

actions at rest. This study utilized only those events

"The error in the mass was estimated from a Monte Carlo
calculation of the distribution of the median using the observed
measurement errors and a range of widths I' from 0 to 10 MeV.
For these values of I", the standard deviation in the median was
measured to be approximately 0.7 MeV, and independent of F.
The uncertainty of the chamber magnetic field (taken as 0.5%)
contributes a qb mass error of ~0.2 MeV, and the eGects of small
variations of 3P(EE) limits used in the analysis (1.02 to 1.06
BeV) contributed an uncertainty of less than 0.1 MeV. The
final result, M~=1021.5+0.8 MeV, uses the value 497.87 MeV
for the Eo mass and 1115.58 for the A mass, taken from the com-
pilation of A. H. Rosenfeld et al. , Rev. Mod. Phys. 39, 1 (1967).
Variations of the E and A masses consistent with their quoted
uncertainties, 0.16 and 0.10 MeV, respectively, produce changes
in the p mass substantially less than the 0.8-MeV error quoted.

i6 D. C. Miller, Columbia University Report No. 287, Nevis
Report No. 131 (Ph.D. thesis, 1965) (unpublished).
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FH;. 5. Distributions from zero-prong events with a visible
A ~ pm decay and one (and only one) visible Eio-+ x+m decay:
(a) Distribution of the mass squared recoiling from the iLKp
events. The shaded events 6t the hypothesis E p ~ h.Eg'events.
(b) Distribution of M'(EE) for events which fit AXE.

"
in the

vicinity of the @ meson. (c) Gaussian ideogram of 24 events which
satisfy the criteria i, ii, and iii described in the text. The vertical
lines on this 6gure mark the quartiles of the observed distribution.
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p-+E ioE'P decay is only 20 MeV, the P mass is
rather insensitive to the chamber magnetic field (the
mass is lowered only 0.2 MeV if the field is lowered by
0,5%). We have no explanation for this discrepancy.

The P mesons produced in the two-body state Ap
are seen to have an angular distribution characteristic
of a peripheral mechanism Lsee Fig. 6(a)j indicating
that X or K* exchange may be important in the pro-
duction mechanism. It has been noted" that two-body
reactions which apparently proceed through strange
exchange obey an approximate momentum depend-
ence of

01/I';.„',

where P;„ is the incident-beam laboratory momentum.
A logarithmic graph of the available Ap cross-section
data'0 '7 2' is shown in Fig. 6(b); the slope of the straight
line is 1.5, in reasonable agreement with exponents
indicated by other reactions which can proceed through
E or K* exchange.
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E. Other Meson Resonances

Enhancements in the EE system aside from the p
meson have already been reported' by this experiment;
these include the f*(1515)-+Ei'E~' and a EPE2'
e8ect at 1590&45 MeV. The existence of a Ei'E2'
decay mode of a resonance requires C=P= —1 and
therefore J odd. Xo other S=O meson production is
significant; there exists perhaps a hint of or production
in the ™E+g+m-m' final state.

F. Cross Sections
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Tabulated below are the cross sections observed for
the various final states, Table I, and for resonance pro-
duction, Table II, observed at 4.25 BeV/c. Ambiguous
events were apportioned to the various hypotheses
in the ratio of the unambiguous events. An exception
to.this procedure was the handling of events consistent
with both ™0and A or Z production leading to an
observed A decay. These events, while individually
compatible with the ™0hypothesis, produced distribu-
tions consistent with up to 100%%uq A or Z' production
and inconsistent with a significant fraction of produc-
tion. All such events were treated as A or Z' events.
As noted earlier the ambiguity rate was low, making
the systematic error introduced by the apportionment
scheme small.

7 P. Schlein, %. K. Slater, L. T. Smith, D. H. Stork, and H.
K. Ticho, Phys. Rev. Letters 10, 368 (1963).

» J. S. Lindsey and G. A'. Smith, Phys. Rev. 147, 913 ($966).' J. Badier, M. DeMoulin, J. Goldberg, B. P. Gregory, C.
Pelletier, A. Rouge, M. Ville, R. Barloutaud, A. Leveque, C.
Louedec, J. Meyer, P. Schlein, A. Verglas, D. J. Holthuizen, %.
Hougland, J. C. Kluyver, and A. G. Tenner, Phys. Letters 17,
337 (1965). -

'0 J.Mott, R. Ammar, R. Davis, W. Kropac, F. Schvreingruber,
M. Derrick, T. Fiekls, L. Hyman, 3. Luken, and J.Simpson, Phys.
Rev. Letters 18, 355 (1967)."Birmingham-Glasgow-London(I. C.)-Oxford-Rutherford Col-
laboration, Phys. Rev. 152, 1148 (1966).

P,.„(BIV/c)

Fie. 6(a) Production angular distribution of the p meson from
the 6nal state +EE, 36 events. The @events satisfy the conditions
]..025&3f2(Eg) &1.060 BeV . (b) Dependence of the &-p —+ py
cross section upon the incident X beam momentum (in the labo-
ratory) P~. Only the P decay into ICE is used for this tabulation.
The straight line, o Pi~ ",is meant to represent the behavior
of the cross section vrell above threshold.

All channels were corrected for the requirements. on
fiducial volume, length, and projected angle. Geometric
and neutral decay mode corrections were also made to
allow for unseen events. The cross sections are com-
puted from an incident flux of 5.3 events/pb.

The cross sections for the various final states include
the contributions from intermediate resonance forma-
tion. The errors in resonant cross sections include
estimated uncertainties in the subtraction of back-
ground. The total ™cross section is based on only those—decays for which a charged A decay is observed.
Only one 0 has been found on the film, no other candi-
dates or ambiguities exist.

IV. SUMMARY AND CONCI, USIO5'S

The observed cross sections are small. The -~(1530)
is the only hypercharge-( —1) baryon resonance with
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an appreciable cross section, but appears most strongly
in multibody 6nal states which are dificult to treat in

a quantitative way.
Other meson and baryon resonances are observed,

but only in the observed quasi-two-body states are the

production mechanisms amenable to analysis. These
two-body states ( E, E*, AP, Pe*&) are peripheral,
indicating the importance of single-particle-exchange

mechanisms.

ACKNOWLEDGMENTS

The authors would like to thank the 80-in. bubble
chamber and beam separator crews for their consider-
able ca,re and eGort duriag the exposure. D. C. Rahm
was particularly helpful in the setting up of the beam.
Our scanners, particularly Mrs. Irene Kadlecik, were
the keystone of this experiment. Professor T. 8, Day,
Professor G. A. Snow, and Professor G. B.Yodh con-
tributed many suggestions and assisted us in various
phases of the experiment.

PH YSICAL REVIEW VOLUME 17S, NUMBER S

Proton-Neutron Triple Scattering at 425 MeV. I*

25 NOVEMBER 1968

S. C. WRIGHT AND D. SHAWHAN

Umeersity of Chicago, Chicago, Illinois

AND

L. PONDROM& S. OLSEN, AND R. HANDLER

Universe ty of Wisconsin, Madison, Wisconsin
(Received 29 July 1968)

The proton-neutron triple scattering parameters P, D, R, and A have been measured at lab angles of
20', 30', and 42' at 425-MeV incident proton energy. Polarized protons were scattered from neutrons in
deuterium, and the 6nal proton polarization was measured with a carbon plate wire-spark-chamber system.
The recoil neutrons were detected. P-P quasielastic scattering from deuterium was also studied at 30' and
42' as a check on the impulse approximation.

I. INTRODUCTION

HIS paper represents the first in a planned se-
ries of experiments applying wire-spark-chamber

techniques to the study of proton-neutron triple scat-
tering at 425 MeV. A polarized proton beam was scat™
tered from neutrons in deuterium, and the final trans-
verse proton polarization was analyzed by scattering
from carbon. A polarimeter with six wire spark cham-
bers and an on-line computer recorded the azimuthal
scattering distribution from the carbon. This polarim-
eter has been previously used in P-p triple-scattering
studies at the same energy. ' A complete discussion of the
wire-chamber system and the computer programs can
be found in Ref. 1. The apparatus was modified for p rs-
scattering by using a liquid deuterium target and count-
ing the recoil neutrons with a large-volume plastic
scintillator shielded by an anticoincidence counter.

High-energy p-rs triple-scattering data are very
scarce. Except for measurements of E. at 600 MeV, only
the di6erential cross section and polarization have been

~ Work supported in part by the United States Atomic Energy
Commission under Contract No. AT(11-1)-881, COO-881-192,
and in part by the National Science Foundation.

& P. Limon, L. Pondrom, S. Olsen, P. Kloeppel, R. Handler,
and S. C. Wright, Phys. Rev. 169, 1026 (1968). There are some
errors in this jasper. In Eq. (8) the right-hand side should be
multiplied by n. In Eq. (6) each e& equation should be multiplied
on the right by I'3.

measured at energies above 210 MeV. The knowledge
of isoscalar (I=O) amplitudes in nucleon-nucleon scat-
tering is therefore limited. The phenomenological situa-
tion has recently been discussed by MacGregor, Amdt,
and Wright, ' who performed a phase-shift fit to existing
data at 425 MeV. These authors emphasized the quali-
tative nature of the I=O phase shifts obtained. This
experiment was undertaken to improve the knowledge
of the isoscalar nucleon-nucleon interaction.

II. EXPERIMENTAL PROCEDURE

The final proton spin after p-rs scattering can be ex-
pressed in the same form as for p-p scattering, using the
polarization I' and the Wolfenstein parameters D, A,
E, 3', and E.'. Thus,

(e)I„(e,&)=Is(e) t (P+D(e; 8;))Ar
+(A(o; k;)+R(o; x;))sr

+ (2'(o; k;)+R'(rr; s;))kgj. (1)

This equation is written in the laboratory frame. I', D,
A, R, A', and E' are functions of the laboratory scatter-

~A complete listing of p-n data with references as of April,
1968 has been made by M. H. MacGregor, R. A. Amdt, and R.
M. Wright, Lawrence Radiation Laboratory Report No. UCRL-
50426 (unpublished).

& M. H. MacGregor, R. A. Amdt, and R. M. Wright, Phys.
Rev. 173, 1272 (1968).


