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plot' which has had some success in the study of elastic
scattering.

Following this, we have plotted in Fig. 3 our one
point at I'P = 1.33 (GeV/c)', along with the two points
of Baker et al 'ar.ound EP=2.9 (GeV/c)'. In plotting
these points, we have used the values of (da/dQ)e 0

obtained by Overseth et al. ' by interpolation. A third
point of Baker et u/. ' was not plotted because no zero-

degree measurements are available. We have also
plotted the line exp( —3.5PP). This was the fit obtained

by Ratner et al.' for the difFerential cross section for the
production of pions in 12.5-GeV/c proton-proton
collisions. Clearly this line is in good agreement with
these points. The line is also in good agreement with the

' A. D. Krisch, Phys. Rev. Letters 11, 217 (1963).

points of Overseth t,t aL.' We believe that this is evidence
that the process p+p-+ s++d is similar to production
cross sections rather than to elastic cross sections. "
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This paper reports the observation of 164 de6nite and 20 ambiguous examples of the reaction E'-+He4-+
po+~ +p+d produced by E -meson absorptions at rest in the Northwestern University 20-cm liquid-
helium bubble chamber. We conhrm that the reaction is dominated by the two-step process E +He4-+
{2+nucleus)+m —+ A'+p+d+m . The momentum distributions of the baryonic particles {for events
with +=meson momentum below 180 MeV/c) are compared with the predictions of an impulse-model
calculation. In this calculation the Z-hyperon-nucleus interaction in the intermediate state is approximated
by an effective potential acting on the Z hyperon. It is found that very good 6ts are obtained with a po-
tential of central depth around 37 MeV. This value implies that the A.- and Z-hyperon —nuclear potentials are
of similar strengths. We show that such a result is consistent with the data on free (Z,p) and {A,p) inter-
actions at low energies, and data on hypernuclear binding energies. This potential depth is also consistent
with the meager information on the effective potential felt by Z hyperons in medium-weight nuclei. There
is therefore no evidence in the reaction observed for any 6nal-state {h.,P) resonance as postulated by Bugg,
Bhatt, and Cohn.

"OMKNTUM spectra have been reported by Cohn
- ~ et al.' for particles emitted from Z -hyperon

absorptions at rest on helium in the channel

Z-+He4 ~A'+n+ t

There is marked disagreement between the prediction
of an impulse-model calculation and the observed triton
momentum distribution, which the authors attribute

$ Work supported by the U. S. OfBce of Naval Research and
the National Science Foundation.

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

f. Present address: University of Milan, Milan, Italy.
$ Present address: Queens College, Flushing, N. Y.
H. O. Cohn, K. H. Bhatt, and %. M. Bugg, Phys. Rev.

Letters 13, 688 (1964).

to the formation of a dibaryon I'= 1 resonance in the
6nal state with mass around 2095 MeV. However,
A -hyperon —proton scattering experiments' and searches
of the A.'-hyperon plus nucleon mass distributions in
anal states of other reactions' show no structure in this
mass region. In this letter, we present the momentum
spectra of Anal-state particles from the reaction:

E +He4 —+A'+m +p+d,
~ G. Alexander and U. Karshon, paper presented at the Second

International Conference on High Energy Physics and Nuclear
Structure, Rehovoth, 1967 (unpublished), and references therein.' A. C. Melissinos, N. W. Reay, J.T. Read, T. Yamanouchi, E.
Sacharidis, S. J. Lindenbaum, S. Ozaki, and L. C. L. Yuan, Phys.
Rev. Letters 14, 604 (1963); T. Burna, O. Eivindson, O.
Skjeggestad, H. Tofte, and I.Vegge, Phys. Letters 20, 318 (1966).
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12-

K +He ~A, +77 +He

I I $ $ ~ J0
16-

12-
K+He~Z +77-+H

must be within one standard deviation of rest at
capture as determined by curvature measurement;
(3) the A'-hyperon path length must exceed 2 mm;
(4) the 4'-hyperon kinematic fit for emission from the
E -meson capture must be acceptable within the
definition of Block et al. '; (5) the s -meson track pro-
jected length must exceed 5 cm.

Kinematic analysis of the primary vertex was per-
formed with the HEGUTs program. The hypotheses
considered are:

8-
MI-

4)
LLJ

O
Z

E+He4'~ cV+vr +p+d,

E +He'-+ 1'i+a +p+p+N,

E +He4-+ A.'+n=+He'.

(2)

(3)

30 - a oK+He~&+~ + p+d

20"

10"

0 40 80 120 160 200 240
7r-MESON MOMENTUM IN MEV/C —=

FIG. 1. The 7f.-meson momentum distributions for reactions in-
volving E -meson capture at rest in He4 nuclei, (a) for the re-
action X +He4 ~ A'+7l- +He'; (b) for the reaction E +He4 —&

Z++7t- +H'; and (c) for the reaction J +He4 —&h.'+71 +p+d.

which is expected to be dominated by the two-step
process4

K +He' —+ (I+nucleus)+m.

A'+ p+d.
The first step involves Z-hyperon creation and the
second step involves Z-hyperon conversion.

We have measured events with the conhguration

Z +He'-+A'+n. +(1 or 2 heavy tracks)

found in 12000 pictures taken of the 20-cm North-
western University liquid-helium bubble chamber
exposed to a low-momentum-separated E -meson
beam. Many events measured previously for studies
of 3-body Anal states which had been kinematically
fitted as such were rejected at this stage.

362 candidates for the channel of interest were found
satisfying the following conditions: (1) The E -meson
track must exceed 3 cm in length; (2) the E meson

4 Helium Bubble Chamber Collaboration Group, in Proceedings
of the 1960 InternationaS Conference on High Energy Physics
(Interscience Publishers, Inc. , New York, 1960), p. 426.' M. M. Block, W. A. Fairbank, E. M. Harth, T. Kikuchi, C. M.
Meltzer, and J. Leitner, in Proceedings oj the International Con-
ference on High-Energy Accelerators and Instrlments (CERN
ScientifIc Information Service, Geneva, 1959), p. 461.' Helium Bubble Chamber Collaboration Group, Ng. ohio
Cirgento 20, 724 (1961).

TAsLz I. Final-state assignments for 311 events with 2 dark
outgoing prongs. The expressions "unique" and "ambiguous" are
explained in the text.

Final-state
assignment

A'7l- Pd (unique)
A'~ pd (ambiguous)
Xo~-ppn

Xo Qt

No. of
events

138 (105)
20 (15)

149 (108)
4 (4)

' M. M. Block, R. Gessaroli, S. Ratti, L. Grimellini, T. Kikuchi,
L. Lendinara, L. Monari, E. Harth, W. Seeker, W. M. Bugg, and
H. O. Cohn, Phys. Rev. 130, 766 (1963).

Tables I and II show the assignments of the 362
candidates between the channels. Table I exhibits the
data for events with 2 visible heavy tracks. The assign-
rnent "h'~ pd(unique)" corresponds to a fit for reaction
(1) with a x' less than 5.0: The "A'm.pd(ambiguous)"
assignment corresponds to two fits for reaction (1)
with X' less than 5.0. It should be noted that most
events including those assigned to reaction (1) give a
fit to reaction (2). In the latter cases the fitted neutron
direction lies within a few degrees of that of one of the
protons, so we regard these fits to (2) as spurious. No
attempt was made to fit with Z'-hyperon emission
since for the reaction of interest LEq. (1)] the visible

energy release is 152 MeV while for the analogous re-
action with Z'-hyperon emission the visible energy
release is much lower (75 to 119 MeV). The bracketed
numbers refer to events with no unmeasured quantities
on the visible tracks, the remaining events have one
momentum unmeasured. Table II exhibits the data on
events with only one visible heavy track. As before, the
numbers in brackets refer to events with all parameters
of the visible tracks measured. These events are 1-
constraint fits: We are also able to use the fact that the
fitted "invisible" recoil must have projected range less
than 0.5 mm. The number of "A'm. pd" assignments in
Table II is not highly reliable but must be viewed as
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an estimate which is probably too large. ' In what
follows we consider the examples of reaction (1) ority.

Figure 1 shows the 6tted x -meson momentum dis-
tribution for our events and for comparison the mo-
mentum distributions observed in the 3-body reactions.
Reaction (1) shows a peak at the kinematic limit for
Z-hyperon reaction. This is consistent with a calcu-
lation by Sawicki' for reaction (3) when it is dominated
by Z-hyperon creation and conversion. We feel con-
fident that the reaction channel goes through an
intermediate state containing a Z hyperon. To elimi-
nate almost all examples of direct A'-hyperon pro-
duction we can reject events with m -meson momenta
above 180 MeV/c. There remain 143 even. ts. For these
we plot in Fig. 2 the momentum spectra of the final-
state baryonic particles transformed to the Z-hyperon-
nucleus rest frame" and also the A.'-hyperon —proton
effective-mass distribution.

The comparison curves in Fig. 2 are the predictions
of impulse-model calculations" made assuming that the
reaction can be separated into the two steps of Z-
hyperon creation followed by Z-hyperon conversion.
This calculation is made for the conversion process only.
In such a treatment the observed m. -meson momentum
distribution becomes the input for the calculation since
the 2+-hyperon momentum k in the rest frame of the
Z+-hyperon —triton system is directly determined by the
+ -meson momentum:

TABLE II. Final-state assignments for 51 events
with one dark outgoing track.

Final-state
assignment

h.'vr pd
Other

No. of
events

26 (20)
2S (19)

' The entries in Table II are derived from the sample measured
at Northwestern University. They need to be scaled by 1.2 when
compared to the data of Table I. This correction has been used
whenever appropriate.

9 J. Sawicki, Nucl. Phys. $1, 183 (1967).
"For the events which are ambiguous between the A.'~ pd

final-state hypotheses the hypothesis giving the lowest value of
the deuteron momentum has been used in Fig. 2."I.R. Kenyon (to be published)."K. H. Bhatt, W. M. Bugg, and H. O. Cohn, Nuovo Cimento
BS, 317 (1965).

m~mq
L2(mx+mH, —mr —m~ —8,+V~)

(m,+ mr) —k.'/(m(+my) j,
where m~, mg, m~, mH, are the masses of the triton,
Z+ hyperon, K meson, He4 nucleus, respectively; E
and k are laboratory total energy and 3-momentum
of the m meson. V~ is an effective nuclear potential
acting on the Z-hyperon when it is formed. This is an
important term since estimates of Vg in medium-weight
nuclei are comparable with the energy release in Z-

hyperon conversion. Following 3hatt et al. ,
" the
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Z-hyperon conversion is taken to occur on a single
nucleon and the Z hyperon is assumed to be in an s
state relative to the triton. The comparison curves
shown in, Fig. 2 are obtained with a square-well potential
of radius 2 F. Zero potential is equivalent to the calcu-
lation made by Cohn et al. ,

' for Z -hyperon absorption
at rest on helium. We can see that even V~——10 MeV
gives a poor 6t to the data and, in particular, leads to
an unexplained excess of events with A. -hyperon-
proton effective masses in the region 2060 to 2100
MeV." However, the choice of a 37-MeV potential
gives a very good fit to the data. The 6t is equally good
for potential depths several MeV different from this
value. The predicted spectra are unaffected by vari-
ations in R, provided R is greater than about 1.2 F,
but the potential required for a fit increases rapidly as
R is reduced below 1.2 F. Thus the calculation is in-
sensitive to the shape of the potential tail, and the
value of 37 MeV must be looked on as a mean depth
for the potential inside a radius of 1.2 F. The volume

"The choice of 10 MeV potential and not 0 MeV is dictated
by the inclusion of events with sr=meson momentum of 170 to 180
MeV/c which is above the kinematic limit for free Z-hyperon pro-
duction. With Vg=0 MeV we would have k' negative for these
events.

0 80 160 240 520 400
MOMENTUM IN MEV/c—

FIG. 2. Final-state momentum and eftective-mass distributions
for the reaction E +He' —+h.'+~ +p+d where the m-meson
momentum is below 180 MeV/c, together with comparison curves
from the impulse-model calculation of Ref. 9. The momenta are
given in the c.m. frame of the Z hyperon plus nucleus in the
intermediate state. Figures 2(a)—(c) show the deuteron, A.'-
hyperon, and proton momentum distributions, respectively. (d)
shows the A.'-hyperon plus proton eBective-mass distribution.
The comparison curves are for Z-hyperon potentials of 10 MeV
(dotted line), 37 MeV (solid line), and 60 MeV (dashed line).
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integral of the potential inside this radius is 265 MeV
F'. For the &H4 hypernucleus the corresponding partial
volume integral is found to be 232 MeV F', using the
potential described by Dalitz. " Comparison of these
two volume integrals shows that our result implies that
the Z- and A-hyperon —nuclear potentials should have
similar strengths. This requirement is now critically
examined.

Analyses in terms of simple spin-dependent potentials
of elastic (Z+,p) scattering" and of hypernuclear bind-
ing energies" show that (Z+,p) well-depth parameters
as large as (A,p) well-depth parameters cannot be
excluded. Direct comparison of the elastic cross sections
Lo(2+p -+ 2+p) is 109&23 mb 'r and o (Ap —+ Ap) is
135+20 mb (Ref. 2) at 160-MeV/c incident labora-
tory momentum] indicates the potentials are quite
similar, both with weak spin triplet parts. The low-
energy (Z,p) interaction is strong and dominated by
absorption. ' Helder and de Swart' find that in order to
fit the parameters of the low-energy (Z,p) interactions
by a potential model, g zz must be comparable to g„z&.
The main contribution to the real part of the effective
(Z,1V) potential for the isospin-2 configuration inside
a nucleus will come from (a) single-w-meson exchange
without conversion, (b) two-7r-meson exchange via an
intermediate virtual A hyperon plus nucleon state, and

(c) K-meson exchange. The two-s-meson and IC-meson
exchanges are generally taken to be the main con-
tributors to the A.-hyperon —nucleus potential. '4 We
note that the coupling constants involved for two-m-

meson exchange are identical for A hyperons or Z
hyperons [case (b)]: for K-meson exchange gzii&' is
4.8+1.0, but gxxg is less well known and could be as
large as 3.2.' It seems likely then that the real part of

'4 R. H. Dalitz, Suclear Interactions of IIyperons (Oxford Uni-
versity Press, Oxford, England, 1965).' Y. C. Tang and R. C. Herndon, Phys. Rev. 151, 1116 (1966).' R. C. Herndon, Y. C. Tang, and J. Schmid, Phys. Rev. 137,
8290 (1964).

"H. A. Rubin and R. A. Burnstein, Phys. Rev. 159, 1149
(1967).' J. C. Helder and J. J. de Swart, Phys. Letters 21, 109 (1966)."M. Lusignoli, M. Restignoli, G. A. Snow, and G. Violini, Phys.
Letters 21, 229 (1966).

the (Z,Ã) effective potential for the isospin-s configu-
ration is stronger than the (A,1V) potential and is of
longer range while equality of strengths for the isospin-2

(Z,iV) and the (A.,Ã) effective potentials cannot be
excluded. A further consistency check is provided by
estimates of the potential felt by Z hyperons inside
heavy nuclei. We recall that the value of 37 MeV is a
mean central value of the potential depth. By assuming

that the Z+-hyperon —triton potential has the same

shape as the ~H' potential, "we obtain an equivalent
square-well potential depth (Wq) of around 24 MeV.
Oppenheimer and Davis" find a value of 15 MeV for
the minimum binding energy of Z hyperons in the
nuclei of a heavy-liquid bubble chamber and Capps"
has estimated, using nuclear-emulsion data, that the
Z-hyperon —nuclear potential is between 10 and 35
MeV attractive. The value of 8'z found here is quite
consistent with these results. Our conclusion is there-

fore that the departure of the momentum spectra for
reaction (1) from the simple impulse-model prediction
is due to the initial-state Z-hyperon —nucleus inter-
actions which can be represented by a potential well

of central depth 37 MeV, and not to a resonance
between the final-state Ao hyperon and proton.
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find that the momentum spectrum of ~+ mesons in reactions from
which no Z hyperon is emitted is displaced upward by 15 MeV/c
from the corresponding spectrum for m.+ mesons accompanied by
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