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A search for the vector boson (g1 particle), postulated as the mediator of the weak inter-
action, has been carried out by determining the intensity and polarization of muons origina-
ting very near the point of interaction of 28-GeV protons with nucleons. Bosons were not ob-
served and the upper limit on the production cross section for W' 's with masses between 2.0
and 4.5 GeV/c is Boz,~ 6 x 10 3~ cm, where B is the branching ratio for the W decay to a
muon and a neutrino. A comparison between the measured flux of muon pairs and the flux ex-
pected on the basis of a plausible model for the production and decay of both 8' 's and heavy
virtual y 's suggests that the experiment may not have been sensitive to tV 's, if they exist in
this mass region. The Qux of high-energy muons produced directly by an unknown process,
an X process, is determined to be no greater than 10 6 times the pion flux,

I. INTRODUCTION

It is attractive to think that the weak interaction,
like the strong and electromagnetic interactions,
might be described in terms of the exchange of an
intermediate particle. Such a particle would have
unit spin in order to transmit the vector and axial-
vector fields of the weak interaction'; further, ex-
periment has established that it would be massive,
and from the mass and known coupling, the particle
must be short-lived. This paper reports the re-
sults of a search for this possible carrier of the
weak interaction, the intermediate vector boson,
or W particle. Preliminary results of this work
have been published. '

Previous experiments have attempted to produce
intermediate vector bosons with high-energy neu-
trinos. Such experiments are attractive because
the cross section for this process can be reliably
calculated. A neutrino may dissociate into a W

and a muon, via the mechanisms depicted in Figs.
1(a) and 1(b), with momentum and energy being
conserved through electromagnetic interactions
w'ith the nucleus. The W might be detected when it
decays to a muon and a neutrino. Accelerator ex-
yeriments'4 designed to detect neutrino-produced
W's have yielded negative results, which are ex-
pressed as a limit on the mass, M~) 2M~, where
M~ and M„are the mass of the W and the nucleon,
respectively. The flux of high-energy neutrinos
was not large enough to produce observable num-
bers of W's with greater mass.

The measured flux of muons produced by cosmic-
ray neutrinos has been compared' with the expected
flux, which was estimated from data on the inter-

action of neutrinos at accelerator energies. Pre-
suming a reasonable knowledge of the cosmic-ray
neutrino spectrum, it is difficult to see why the
muon fluxes are not substantially higher than mea-
sured if the W mass is as low as 5M„.

Nucleon-nucleon collisions have also been studied
in an attempt to detect W's. Production mechan-
isms corresponding to the diagrams of Figs. 1(a)
and 1(b) suggest that the intensity for the production
of W's by neutrinos must be proportional to

I -g'e'e'E '(t)

while the equivalent factors for the production of
W's in nucleon-nucleon interactions are

-g2G 2G &y' 2(i' )F 2(f»)

where F~~, F~„, and F„„are the form factors gov-
erning the four-momenta, t, I,", t", transferred
at the nucleon vertices. The coupling constants
for the strong, electromagnetic, and weak inter-
actions at the vertices are, respectively, G' =1,
e'=1/137, and g'=(10 '/&2) (M„/M„)', where we

have taken c =h =1. Assuming unit form factors,
the intensity for production by nucleons may be as
much as (137)' times the intensity for production
by neutrinos. The intensity IN is presumably re-
duced from this value by small form factors, but
in the absence of detailed knowledge of the nucleon
structure, the amount of the reduction is not known.

An experiment performed by a Columbia group'
was concerned with a search for muons originating
in proton-nucleon collisions in excess of those ex-
pected from meson decay. The decay of W's would

constitute one possible source of such muons.
Since muons produced in the decay of a heavy W are
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more likely to have a large transverse momentum
than those produced in the decay of the lighter m

and K mesons, measurements were made out to
large angles (10') to maximize the signal-to-
baekground ratio. Fluxes of muons with energy
greater than 12.5 GeV, produced by 20-GeV/c and
30-GeV/c incident protons, were not in excess of
those expected from meson decay. The experi-
mental result, interpreted in terms of a particular,
though plausible, model for 8' production and de-
cay, v yielded

BQ'gr ~~ $ + 10 em

for W's in the mass range -3 to -6 GeV/c', where
8 is the branching ratio for 8"decay into muon and
neutrino Rnd 0~ is the cross section for 8' produc-
tloQ.

An Argonne-%i'seonsin collaborations examined
the g fluxes produced by 12.5-GeV/c incident pro-
tons, at 20' Rnd in the momentum range 4 to 6
GeV/c, obtaimng the negative result

Bd'o~/dip «4x10 "cm'/Isr (Gev/c) nucieonl.

According to the 8'production model used, the ex-
periment wRS 8ensltlve to Afp 1n the 1Rnge 2 to 2.5
GeV/c'.

However, the uncertainties in the calculation of
8"production by nucleon-nucleon collisions are
such that it is difficult to draw firm conclusions
regarding the nonexistence of the lV simply from
the absence of a"'muon excess. " For example,
electlomagnetic proce8ses Rre expected to con-
tribute a muon flux comparable to the flux from S'
decay. 81nce such R flux wRs Dot observedy lt 18

likely that the previous proton-nucleon experiments
were also insensitive to muons from 8' decay.

Although previous attempts to detect 8"s have
yielded negative results, there are indications
that the S" mass may not be extremely large. Two
models of weak interactions at low energies, the
current-current model and the intermediate-vector-
boson model, diverge at large energies. If a weak-
interaetion "cutoff". energy, A, is introduced, its
size ean be estimated. 'O'" Processes which are
forbidden in first-order but allow'ed in second-
order weak interactions place the tightest xestric-
tion on A. The branching ratio

is less than 3.8&10 9, giving A~ 20 GeV. '~ Esti-
mates made of the matrix elements that account
for the K~ -K~ mass difference place A near 3-4
GeV." The interpretation of A in terms of M~ de-
pends in detail on the mechanism causing the cut-
off, ' '5 but suggests that M~~ A."

%ith these considerations in mind, we felt it im-
portant to attempt a more sensitive search for the

The present experiment searched for 8"8 pro-
duced in the interaction of 28-GeV protons with a
uranium target. Muons travelling in the forward
direction were charge-separated, slowed in a thick

and then stopped in a detector which
observed both the incident muon and the subsequent
decay electron. Measurement of the muon flux and
polarization as functions of the density of the uran-
ium target allowed muons from lV decay to be dis-
tinguished from those produced by other sources.
OD the bR818 of our model for W productionq the ex-

FIG. 1. Feynman diagralns of four mechanisms for 8'+ production are shown. Production by neutrinos is depicted
in (a) and (b). Paxt (c) shows a 5 produced by the exchange of a baryon, and in part (d) the diagram for production
by diffraction dissociation is presented.
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protons with matter.
In order to distinguish the 8"contributions to the

muon Qux from those due to other processes, the
experiment was constructed so that the p' and p,

could be examined separately. A bending magnet,
located immediately downstream of the target, sep-
arated the positive and negative muon Quxes and
directed one of them toward the detector, as shown

in Fig. 2. The target was constructed so that its
density could be varied. Measurement of the p,

'
and p Quxes, and of the p,

' polarization, as func-
tions of target density, enabled possible W' con-
tributions to the Qux to be determined in two in-
dependent ways, by analysis of the positive and
negative muon intensity as a function of target den-
sity, and by a measurement of the muon polariza-
tion as a function of target density. At all angles
and energies, the Qux of yions and K mesons pro-
duced in high-energy proton-nucleon collisions is
certain to be much larger than any Qux of W's
similarly produced. However, the pion Qux falls
off rapidly as the energy of the pion approaches
that of the incident proton. The Qux of forward
muons from the decay of a massive 8", on the
other hand, peaks at a relatively low energy (cor-
responding to muons which were backward in the
W c.m. system} and at a very high energy (corres-
ponding to muons which were forward in the 8' c.m.
system). Hence, the ratio of W-produced muons to
meson-produced muons should be maximized, in
the forward direction, by examining muons whose
energy is only slightly less than the energy of the
incident proton.

If the incident proton beam strikes a very dense
target, such as uranium, virtually all of the charged
mesons will undergo a strong interaction before
they decay. The interaction length for a pion in ura-
nium is =12 cm, whereas the laboratory decay path
for a 25.1-GeV pion is =1.4x10 cm. Since a single
interaction will almost certainly remove the pion
from the high-energy "tail" of the distribution, only
=10 4 of the total pion flux will contribute to the ob-
served muon Qux, if all of the incident beam inter-
acts in the target. Similar considerations apply to
K mesons.

If N is the number of muons which are produced
in meson decay, in a uranium target of density 1
(relative to the density of solid uranium), then 2N
muons will be produced ln R dispersed UrRnlum
target of density —,

' the maximum density (since the
pion interaction length is now ~24 cm). Similarly,
SN will be produced in a uranium target of relative
density 3. Linear extrapolation of a plot of muon
Qux versus the reciprocal of the target density, to
infinite target density, then eliminates the meson
contribution to the muon Qux, and yields the muon
flux due to the "prompt" decay (Xd„,

&
«A. ,„„„„,,„)

of a parent particle formed in the initial proton-
nucleon interaction. A flux of "prompt" negative
muons will then be evidence for the production of
muon pairs, and subtraction of this flux from the
p,
' "prompt" Qux gives the muon contribution due

to 8" decay. %e presume that the flux of W will
be much less than the Qux of 8".

When a spin-0 meson (such as a pion or K meson)
decays to a muon plus neutrino, angular momentum
conservation requires that the spins of the two lep-
tons be oppositely directed. If the meson has a
positive charge, a neutrino with helicity -1 will be
produced, so the helicity of the positive muon will
be -1 also. In the laboratory, forward muons from
meson decay will therefore have longitudinal polar-
ization -1. The electromagnetic decays of neutral
particles conserve parity, so the muons produced
in these decays mill have zero average polarization.
Hence, a change in polarization with target density
is evidence of a muon flux which originates in the
decay of neutral particles or 8"s, and which is
comparable in size to the flux of muons from me-
son decay. The character of such effects is sug-
gested by the graphs of Pig. 3.

B. Flux Estimates

Diagrams which are expected to be important in
the production of high-energy S"bosons in nucleon-
nucleon collisions are sketched in Figs. 1(c) and
1(d). The diagram of Fig. 1(c) corresponds to a
process that takes place via baryon exchange, and

l,0

0.5

P 0

-0.5

- I.O

FIG. 3. The polarization P of a flux of muons com-
posed of forward muons from the decay of charged me-
sons (with P = —1) and forward muons from 8' decay
(having P =+1) is shown as a continuous function of in-
verse target density ljp, wherep is taken as 1 for solid
uranium. The fraction of the flux corresponding to
muons from S' decay, at target density 1, varies from
zero (the lowest of the four curves shown in the figure)
up to 75% (the top curve).
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Fig. 1(d) describes W production by diffraction dis-
sociation. It was felt that the two mechanisms might
be of comparable importance in producing W's with
28-GeV protons, if the mass of the W is between 2

and 4.5 GeV/c'. The interference between 1(c) and

1(d), or other possible W production mechanisms,
is likely to be small, so it might be hoped that the
general features of the energy and angular distri-
butions of W's produced in nucleon-nucleon inter-
actions might be obtained from a detailed calcula-
tion of the process depicted in Fig. 1(c). An esti-
mate of W production via diagram l(d) is also made.

A technique developed by Chew and Low' was
used in calculating the flux corresponding to
Fig. 1(c). A process typical of those to which this
technique is applied is the reaction ~N- mmN shown
in Fig. 4(a). The amplitude is assumed to be dom-
inated by a pole which occurs when the square of
the invariant mass of the virtual particle exchanged
in the process, ~', is equal to the square of the
mass of the physical particle,

where M, is the pion mass. The momentum trans-
ferred to the "spectator" particle, the nucleon, is
small, and is treated nonrelativistically. The cal-
culation relates measurements of the momentum

and angle of the recoil "spectator" particle to the
total ~-7t cross section.

The Feynman diagram of Fig. 1(c) is redrawn in

Fig. 4(b) to correspond to the process discussed by

Chew and Low; in this reference frame, the inci-
dent proton is at rest. The incident "spectator"
proton exchanges a baryon number and is trans-
formed into a W'. Since the W is moving slowly
in the frame of the incident proton, it will have a
laboratory energy nearly equal to the energy of the
incident proton. Here, the total nucleon-nucleon
cross section gives information about the energy
and angular distributions of the W'.

Given a specific mass for the W, the production
cross section is determined in terms of 4' and v',
the square of the invariant mass of the system of
the virtual nucleon and the spectator nucleon. The

cross section is then

d 2o U2 M (%~4 ~2M 2)1/2 ( )
d(&')d(uP) 2v M„Q' (g2 -M~2)2

fying that the matrix element for the vector part of
the weak interaction is equal to the matrix element
for the isovector part of the electromagnetic inter-
action, apart from numerical factors involving
Clebsch-Gordan coefficients and the Cabibbo angle,
which are not much different from 1. Presuming
that there is no strong difference between the vector
and axial-vector contributions to W production, or
between the isoscalar and isovector portions of the
electromagnetic current, the matrix element may
be taken as the electromagnetic matrix element,

where P; and P„are the four-momenta of the inci-
dent proton and the virtual nucleon, and P„and P,
the four-momenta of the muon and the neutrino pro-
duced in the decay of the W. The W decay width I
is equal' to g'M2, '/6vrB, where 8 is taken" as —,'.
The matrix element averages over the several pos-
sible spin configurations of the system by treating
the nucleons as scalar particles.

N

L ABORATORY

(b)

where o(e) is the nucleon-nucleon cross section at
energy e„Q is the momentum of the incident pro-
ton, and U is the matrix element for the (P, n, W)
vertex. The matrix element was determined from
the conserved-vector-current theory (CVC), which
relates this weak-interaction vertex to the corres-
ponding electromagnetic vertex, ( p, n, y), by speci-

lNCIDENT

FIG. 4. The Chew-Low method of analysis is typically
applied to reactions such as that depicted in part (a) of
the figure. The W-production mechanism of Pig. 1 (c) is
redrawn in part (b) of this figure, in order to illustrate
its relation to reactions such as that shown in part (a),
and the applicability of the Chew-Low technique.



The expression (1) describes W production in the
idealized case where the two vertices involve point
particles and the virtual nucleon exchanged in the
reaction is close to the mass shell (i.e., n, '-M„'
is small). Allowance must be made for the ex-
tended structure of the nucleons and the distance
of the pole from the physical region.

The matrix element U LEq. (2)] describes the pro-
duction of 8"s from a point charge. A form factor
I', multiplying U, takes into account the structure
of the nucleon. Here, Il is taken as an average of
the separate form factors which ale related to the
distributions of the charge and magnetic moment in
the nucleus. As with the matrix element, the weak-
interaction form factor for the nucleon is related to
the electromagnetic form factor through the CVC
hypothesis. Little is known of the nucleon structure
in the region of timelike four-momentum transfer
q'= -M~', but experiments" have set upper limits
on the vector form factor:

E &0.2 for q'= -5 to = -6 (GeV/c)'.

Further, it should be noted that the process des-
cribed by expression (1) involves only one inter-
mediate state —that of the virtual neutron. A com-
plete calculation of 8' production requires a sum-
mation over all possible intermediate states. %e
combined our ignorance of the value of this sum-
mation as well as' our ignorance of the behavior of
the form factor by taking Il =1 in the calculation.
There is substantial reason to think that this ap-
proximation may not be unrealistic. Recent experi-
ments" have found that the cross section for "deep"-
inelastic electron-proton scattering,

e+p- e'+ anything,

falls off very slowly with increasing momentum
transfer. It has been suggested" that the data may
be explained in terms of the recently proposed
"parton" model of Peynman, "where the electron
scatters, not from a "soft" nucleon, but from a
nucleon made up of pointlike partons, making large
spacelike momentum transfers possible. Similarly,
it may be possible to transfer a timelike four-
momentum-squared equal to JIf~' with a form fac-
tor equal to 1, when all possible intermediate states
are considered.

Experimental evidence" suggests that the form
factor which describes the virtual-neutron-target-
nucleon vertex behaves like e ". Here, t is the ab-
solute square of the minimum four-momentum
transfer necessary to push the virtual neutron back
onto the mass shell. This form factor does not af-
fect the cross section very much.

Expression (1) describes a reaction which takes
place via a single intermediate state, as previously
noted, and will accurately represent the behavior of

the cross section only in the region near the singu-
larity at 4'=M„'. The process eonsi. dered here is
rather far from the pole (&' is typically =-M„'),
and it is necessary to consider a modification of
this form. A study" of p production in the very
similar reaction

where the momentum of the incident proton was
21.1 GeV/c, indicates that the cross section is mod-
ified by a factor of the form

expIB(s) (4' -M„')],
where s is the square of the center-of-mass ener-
gy. By choosing B(s)=0.9 lns, we have a Regge
form" for the factor, and obtain cross sections
consistent with the measurements made on reaction
(3). For values of 6 such that reaction (3) is kine-
m3tically allowed, the form factor is very small.
The smallness of the form factor may, however,
be considered as a consequence of the restriction
to one final state, the deuteron, in reaction (3).
Since our experiment accepts all final states in 5"
production, our use of this form factor for 8'pro-
duction is likely to result in a very conservative
estimate of the 8'-production cross section.

It was assumed that the 8"s were unpolarized
and therefore decayed isotropically. However,
some small degree of polarization is possible.
The V-A form of the weak interaction favors in-
teractions of positive-helicity states of the neutron
and the pl oton )ust as preference is shown for
positive-helicity states of the p,

' and the e'. If we
consider the proton, with a spin component of & in
the beam direction, "decaying" to a neutron going
backwards and a 8"going in the beam direction,
it is clear that the 8"will have a tendency to be
polarized, so that the component of spin in the
beam direction will be +1. The 8' decay will then
favor an arrangement of lepton spins such that the
component of angular momentum is +I in the direc-
tion of motion of the 8'. Such a configuration is ob-
tained if the muon is emitted in the forward diree
tion and the neutrino to the rear. Thus, the exis-
tence of a partial 8'polarization should enhance
the sensitivity of the experiment. But when very
high energy 8"s are produced, the neutron goes
forward or backward in the e.m. system with very
little momentum and, hence, very little bias to-
ward a definite helicity. Such high-energy W''s
will not be strongly polarized, and the effects of
any 8' polarization will be small.

The momentum transfers required for the pro-
duction of 8"s are large enough for the process to
be dominated by nucleon-nucleon interactions, and
any production via a mechanism requiring a coher-
ent interaction between the protons 2nd the nucleus
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do'~ 10M@

where dq' represents the experimental resolution

TABLE I. Estimates of 8" production froxn the
processes of Figs. 1(c) and 1(d).

M@, (GeV/c )

2.0
2.5
3.0
3.5
4.0
4.5

0'gr froQl
Fig. 1(c} (cm2}

3 Vg 10-35

1.9~10 "
6,3&& 10
1.3~1O-"
9.9& 10
1.9&& 10

o& from
Fig. 1(d) (cm2)

2.9~1O-"
2 3g 10-84

1.9& 10
1.6~1O-'4
1.4& 1O-"
1.3~1O-"

the extrapolation from the production of a zero-
mass boson, where the coupling constant g' is de-
fined, to the production of a 8"with a finite mass,
is governed by the nucleon form factor in the time-
like region. Again the behavior of E and the sum-
mation over all possible intermediate states are
approximated by taking I' = 1.

If M~ = 8 GeV/c', we obtain a value for o~ of 6

x10 "em' for 8' production via baryon exchange
and 2&10™cm' for 8'production by diffraction
dissociation. Values of the cross sections for other
8' masses are presented in Table I. It is perhaps
not surprising that the diffractive production of 8"s,
which ls described 1Q terms of the exchange of R

Pomeranchuk trajectory and is expected to be ener-
gy independent, is much larger than 8"production
by baryon-exchange processes, which is expected
to decrease with increasing energy.

These two estimates of 8'production, together
with the calculation of the energy and angular dis-
tributions of the decay muons for process 1(c), in-
dicate that measurable Quxes of S"'s in the mass
range 2 to 4.5 GeV/c' may be produced, and that a
certain fraction of the decay muons will have large
energies and small transverse momenta in the lab-
oratory.

We also estimate the background Qux of muons
fxom meson decay and from electromagnetic pair
production. Formulas developed by Sanford and
Wang, "Rnd by Hagedorn and Banft, "were used in
estimating the Qux of muons due to meson decay.
A detailed estimate of this flux is made in Sec. IV.

Estimates of the expected background due to muon
pairs may be made in several ways. Using the re-
lationship established by CVC, Yamaguchi' was
able to estimate the ratio between the Qux of muon
pairs due to heavy virtual y's with an invariant
mass of q', produced by the isovector electromag-
netic current and the Qux of 8"s with a mass
M/=q p produced by the vectol part of the weak
interaction:

in the square of the mass of the W. For a 2-GeV/c'
li' and a mass resolution =2 GeV/c', this gives

do'g + ado'~.

If this relationship is not greatly affected by the
axial-vector or isoscalar currents, and if M~ is
near to 2 GeV/c', then the W-decay flux of muons
is expected to appear with a comparable background
due to muon pairs.

This estimate agreed with the results of a calcu-
lation of the production of heavy virtual y's via a
baryon-exchange mechanism similar to that
sketched ln Fig. 1(c) with the appropriate matrix
element used in place of the matrix element in ex-
pression (2).

The measurements" made on reaction (2) re
vealed approximately equal amounts of m' and p'
production, suggesting that p' and 7t' Quxes in our
experiment are likely to be comparable. Approxi-
mately 10 ' of the yions produced in the maximum-
density target will decay to muon and neutrino,
compared with the branching ratio for p decay to
muon pairs, which has been measured" to be
(6y 1)x 10 '. Thus, the flux of muon pairs from p
decay is expected to be comparable both to the Qux
of muons from meson decay and to the possible
Qux of muons from W decay.

The principal contributions to the muon flux from
neutral mesons, aside from the decays of the p
which were included in the discussion of virtual y's,
are from the decay of neutral pions to two y's. The
y's may then interact in the target to produce muon
pRlrs. It ls convenient to discuss this bRckgrouQd
by comparing it to the background expected from
the decay of the m'.

At high energies, the Qux of positive pions is
about twice the Qux of neutral pions. Further,
while the momentum spectrum of the muons from
w' decay is degraded due to the energy taken off by
the neutrinos, the spectrum of muons from the de-
cay of the m is degraded twice: when the energy
of the m is divided between the two y's, and when
the energy of a single y is divided between the two
muons. Finally, the ratio of muon pairs to elec-
tron pairs produced by the y's is about (M,/M„)'
=—2.5 &&10 '. This is to be compared to the attenua-
tion of the m' Qux which takes place in the uranium
target, to 10 ~ of its initial value. Since the mo

lifetime is -= 10 "sec, essentially all the neutral
pions decay before interacting. All considered, it
would appear unlikely that the high-energy muon
Qux from neutral yions is as large as one percent
of the muon flux due to the decay of positive pions.

C. "Anomalous" Muons

Muons may be produced by the X process postu-
lated to explain muon spectra in cosmic rays. "
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The effect is observed at much higher muon ener-
gies, but in the absence of any knowledge of the
nature of the process, it is impossible to impose
an energetic threshold on its occurrence. A small
effect at moderate cosmic-ray muon energy would

escape detection. %bile it is impossible to predict
the contribution of such an X process to the muon
flux in the present experiment, the results of the
experiment do serve to establish a limit on the
contribution from this source.

D. Production Outside the Uranium Target

Experimentally, it is necessary to take account
of the proton interactions which do not occur in the
uranium target. It is relatively easy to calculate
meson production in the small amounts of material
(e.g. , the proton-beam monitors) located immedi-
ately upstream of the uranium target. These cor-
rections are discussed in detail in Sec. IV. It is
also possible that a small fraction of the proton
beam may strike the vacuum pipe far upstream of
the target, and produce a background flux of muons
from meson decay that cannot be readily calculated.
Such a background would be independent of target
density and would have the same positive-to-
negative charge ratio as mesons produced in the
uranium target. Unlike the Qux of positive muons
from 8' decay, the background would be larger at
lower muon energies than at higher muon energies.
The information from muons of lower energies then
may be examined for the presence of this back-
ground and used to estimate the significance of a
Qux of prompt, positive muons in excess of the
flux of prompt, negative muons.

III. EXPERIMENTAL DESIGN

A. Experimental Arrangement

The experimental apparatus is sketched in Fig. 2.
About 10" 28-GeV protons were extracted from the
alternating gradient synchrotron at Brookhaven
National Laboratory each accelerating cycle and
directed onto the target. The extraction took place
over a period of =200 msec.

The incident protons struck one of three uranium
targets, which were constructed to have densities
1, ,'-, and 3, relative to the density of solid urani-
um. Each target was composed of 20 l-in. -thick
uranium bricks. Targets of relative density & and

3 were made by leaving 1-in. and 2-in. gaps be-
tween the bricks. These "granular" targets were
effectively equivalent to continuous targets of the
desired densities.

A 6-ft-long bending magnet was located immedi-
ately behind the target. The gap of the magnet was
filled with steel in order to provide an absorber for

pions and protons that did not interact in the target.
The magnet was set to deQect muons of the desired
energy 3.5', so that the muons arriving at the de-
tector would be primarily of one sign. Particles of
the opposite sign were obtained by reversing the
magnetic field. The highest value of the magnetic
field needed in the experiment was about 20 kQ.
This value was calculated" "to within 5%, which
was sufficient accuracy since the actual muon en-
ergy was determined from the amount of steel de-
grader in the beam.

Following the magnet, a 29-ft-thick steel shield
was constructed. Virtually all secondaries, except
for high-energy muons and neutrinos, stopped in
the 35 ft of steel absorber that followed the target.

Forward-going muons, greatly slowed after pass-
ing through the steel absorber, next passed through
four feet of concrete, which formed the front wall
of a blockhouse, constructed around a final segment
of steel and the detector. The blockhouse provided
shielding from cosmic rays and low-energy neu-
trons.

After passing through the front wall of the block-
house, the muons entered a series of steel blocks:
a 1-ft-thick block, followed by as many as eight
2-ft-thick blocks. Changing the amount of this
"movable" steel enabled the energy of the muons
which stopped in the detector to be varied.

Muons exited the movable steel to pass through
a hodoscope located 17 ft downstream of the con-
crete wall. A second hodoscope was 10 ft beyond
the first, and between the two hodoscopes was a
4-ft-thick block of steel. The hodoscopes, as well
as the detector, were 3 ft high and 2 ft wide. Each
hodoscope was composed of vertical and horizontal
counters arranged to divide the area into 1-ft-
square sections. Particles which traversed the
1-ft-square section of the second hodoscope that
was directly behind the 1-ft-square section they
crossed in the first hodoscope, satisfied a "tight"
angular requirement. All other particles which
passed through both hodoscopes satisfied a "loose"
requirement.

Data were taken with 13 ft, 9 ft, and 1 ft of mov-
able steel, corresponding to 25.1-, 23.5-, and
20.3-GeV muons stopping in the detector.

Data on 11.6-GeV muons were also obtained,
with no movable steel, 2 ft of steel between the
hodoscopes, and a 16-ft-thick, 6-ft-wide section
of steel removed from the downstream end of the
absorber. Since the flux of secondary particles
produced by the incident protons is much higher
near 11.6 GeV than at energies above 20 GeV, the
intensity of the proton beam was reduced while
muons of this energy were being examined. This
permitted the acquisition of data at approximately
the same rate as at the higher energies, while the
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background was reduced as much as possible.

B. Detector

The muon detector was composed of 24 4-in. -
thick plastic scintillators alternated with 23 4-in. -
thick slabs of aluminum. Each slab of aluminum
and scintillator in the detector was 2 ft wide and
3 ft high. The upstream face of the detector was
2-,' ft from the second hodoscope. Two RCA 8575
photomultipliers collected light from each scintil-
lator. The signals from the phototubes were pass-
ed through discriminator circuits and the logical
AND of the resultant pulses was taken as the sig-
nal from the scintillator. The efficiency was ~ 99%.
The stopping power of the detector was taken as
the difference in the initial energies of muons which
stopped in the first slab and in the last slab of the
detector. Since the rate of energy loss is a func-
tion of energy, the stopping power of the detector
varies slightly with energy, from 1.45 GeV for
25.1-GeV muons to 1.39 GeV for 11.6-GeV muons.

A large array of scintillators, 5 ft wide and 6 ft
high, was set up 6 ft downstream from the detector
to serve as an anticoincidence counter. Pulses
from the last scintillator in the detector were also
included in the anticoincidence signal. The anti-
coincidence counters rejected particles whose en-
ergy was so large that they passed through the de-
tector, and also eliminated a fraction of the parti-
cles which scattered out the sides of the detector.
Most "tight" particles not stopping in the detector
struck one of the anticoincidence counters. If a
particle satisfied a "tight" angular requirement,
and no pulse was detected from the anticoincidence
counters, a "tight" trigger pulse (T) was generated;
"loose" triggers (L) were generated similarly. The
triggers were used to initiate acquisition of data by
an on-line computer. Use of the anticoincidence
counters in the triggering logic permitted exclusion
of many of the particles which would have yielded
no polarization information. This was of some im-
portance, since the computer could only handle 50
triggers per pulse and the flux of incident particles
was much larger during the measurements of the
lower-energy muons.

Acquisition of data was further optimized by using
the L trigger when there were fewer than 40 trig-
gers per AGS cycle (to increase the trigger rate),
and the T otherwise (since the ratio of muons stop-
ping in the detector to muons scattering out of the
detector is larger for T than for L)

The muon polarization is determined by measur-
ing the direction of emission of the electron from
the muon decay. A muon which stops in a given
aluminum plate will emit an electron at some time
7 after the muon stops, which may trigger the
counter I" further downstream or the counter B up-

stream of the plate. The component of polarization
of the stopped muons along the beam direction at
time 7 will be proportional to the ratio

[N (r) —N (r)] / [N~(r) + N (r)],
where N~(7) and N~(T} are the numbers of forward
and backward electrons recorded at the time v.

In order that the measurement of the muon's lon-
gitudinal polarization be as free as possible from
experimental biases, a uniform, constant magnetic
field directed perpendicular to the path of the in-
coming muons was imposed on the detector. A

magnetic field will precess the muons at the fre-
quency &u=geH/M„c, so the component of the polar-
ization along the axis of the detector varies as a
sinusoidal function of time. Biases, such as that
caused by muons which stop in the scintillator in-
stead of the aluminum, then appear as a constant
added to the sine wave. A frequency &u = 2v/T„,
where T„ is the muon lifetime, was chosen in order
to determine both the maximum and the minimum
of the sine wave as accurately as possible. The
magnetic field was produced by a pair of rectangu-
lar coils, 140 in. long, 70 in. high, and separated by
about 40 in. The current in the coils was constant
to within 0.3% during the experiment, and main-
tained so that r ~„„„;,„=2v/u& had a value of 2.64
p.sec at the center of the coil. The calculated field
magnitude varied little over a given aluminum slab
(typically 2/0), and its direction was very nearly
perpendicular to the beam (only =1% of the total
magnitude of the field was parallel to the beam}.
The field decreased by =5% from center to front
and back in the detector, and this change was taken
into account in the analysis.

C. Data Acquisition

An on-line computer was used for the collection
and partial analysis of the data as well as for con-
stant monitoring of the experiment. A PDP-8 com-
puter was used with a memory of 8K of 12-bit
words, a scope, and a magnetic-tape unit. The
connection between the experimental equipment and
the computer was made through an interface which
performed certain logical functions. The interface
was responsible for sorting information from the
detector according to whether it pertained to the
incident muon or the decay electron, for obtaining
information on the decay time of the muon, and for
storing the resultant data in the computer. A trig-
ger pulse (T or L) performed three functions in ini-
tiating data acquisition:

(a.) The trigger generated a pulse about 20 nsec
wide. Coincidences between this pulse and the
pulses characterizing the muon's path through the
hodoscope and the detector were then recorded in
a set of buffer discriminators. A pulse from the
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ALUMINUM SCINTILLATOR
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FIG. 6. A section of the muon detector is shown, not
to scale. An incident muon stops in the detector, pro-
ducing a decay positron directed backwards with respect
to the muon direction. The decay occurs at a time t
such that 3~t ~ 127, in units of 0.1 @sec. The section of
the detector that satisfies the "53"criterion defined in
the text is noted. The muon and electron information,
as well as the times of pulses seen in the scintillators
near the stopping point of the muon, are shown as re-
corded by the computer.

electronic logic, if accepted by a buffer discrimin-
ator, appeared as a logical "1"at the output, until
read by the computer. If no pulse was fed to the
buffer discriminator, the computer read "0," as
depicted in Fig. 6. After the levels of the buffer
discriminators were read by the computer, they
were reset to "0."

(b) The trigger turned on the data interface,
which scanned the detector pulses for a "53"-i.e.,
pulses from five consecutive scintillators followed
by three scintillators without pulses, as shown in
Fig. 6. The muon was assumed to have stopped in
the aluminum slab immediately downstream of the
last of the five scintillators. Simultaneously, a
clock with at a least count of 0.1 psec was started.
For each of the two scintillators just upstream and
the two scintillators just downstream of the alumi-
num slab where the muon "stopped, " the time of the
first pulse after the muon pulse was noted by read-
ing the O. l-p, sec clock (t, through t, in Fig. 6).

(c) The T or L trigger was delayed by 0.3 p, sec,
and then it turned on a second rank of buffer dis-
criminators which recorded the "electron" informa-
tion by noting, for each counter in the detector,
whether or not a pulse occurred between 0.3 p, sec
and 12.7 p, sec. By recording all counters in the de-
tector during this time period, useful information
on backgrounds was obtained.

After 12.7 p.sec, the contents of both ranks of
buffer discriminators, the readings of the clocks,
and the time in the AGS cycle at which the trigger
occurred (to the nearest millisecond), were read
into the memory of the computer. The complete

data acquisition took approximately 60 p.sec. Any
further triggers occurring during this time were
ignored.

Data were collected only during the 200-msec
period of each AGS cycle in which the proton beam
was directed at the target. The computer could
accommodate the data from 50 triggers per AGS
cycle. Subsequent data, if any, were not recorded,
although the total number of both T and L triggers
was counted. At the end of the 200-msec period,
the computer recorded eight scalers and three ana-
log devices which monitored the number of incident
protons, the number of muons, and the amount the
proton beam "scraped" against the vacuum pipe.
This monitor information, together with the data
fed to the computer by the interface, was then
written on magnetic tape which was saved for final,
off-line, analyses of the data.

There were three monitors of the proton beam.
The principal monitor was a four-fold coincidence
telescope set at approximately 80' to the incident
beam. Through a small hole in the shielding it
viewed secondaries produced when the proton beam
hit a thin aluminum vacuum window at the end of the
beam pipe. A secondary emission chamber, located
about 170 ft upstream of the target, was used as the
reference monitor. It had been previously calibra-
ted to within +10% by foil activation, "and the cali-
bration agreed with the estimates that had been
made for the efficiency of extracting the beam from
the ring of the AGS. This efficiency was expected
to be between 70%%uq and 90%. The signal from the
chamber was digitized by two separate devices,
and the output of both w'as recorded on our scalers.
Our own digitization of the signal was also recorded.
The third proton monitor w'as obtained by summing
the signals obtained when the beam passed between
two vertical plates. The pair was centered on the
beam vertically, and the horizontal positioning was
such that the difference of the two signals was an
indication of the left-right centering of the beam,
and was recorded and also used as part of a servo-
loop that kept the beam centered on the target.

The number of muons produced each AQS cycle
was determined through the number of T and L
triggers, which were recorded on scalers. At the
highest energy, there were about ten L triggers
per AGS cycle, and the information from each of
these was recorded by the computer. At lower en-
ergies, where the computer was not able to hold
all the available data, the number of muons was
determined through the number of T and L triggers,
which were recorded irrespective of whether or not
they initiated a data-acquisition cycle.

The amount of beam scraping was recorded via
two Cerenkov counters located close to the beam
pipe, 140 ft and 190 ft upstream of the target.
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Scraping occurring downstream of the Cerenkov
counters mas monitored by comparing the readings
in the upstream secondary emission chamber with
the downstream vertical plates.

In addition to the data recorded at the end of each
AGS cycle, the computer also periodically recorded
various items of bookkeeping information on mag-
netic tape. The target density, the currents in the
precession coil and in the 6-ft-long bending magnet,
and the amount of steel in the muon beam, were re-
corded. There mas also a provision for entering
comments onto the data tape.

D. On-Line Analysis

After writing the data on magnetic tape, the com-
puter then checked the- data in its memory to make
sule that the number of incident protons mas about
as large as expected, and that the scraping was be-
low certain limits. Currents in the beam magnets
were also checked. Finally, the computer proces-
sed the ram data so that information on the hard-
ware and the physics was available to the experi-
menters.

Hardware information included counts of the num-
ber of pulses fx'om each scintillation counter, and
the time dlstrlbutlon of the incident muons with re-
spect to the AGS cycle. The most useful informa-
tion mas an oscilloscope display of the x'aw data,
which was presented in a manner permitting a rap-
id but efficient visual check of the experiment. The
redundancy of the information from the 0.1-p.sec
clock and from the "electron" pulses from the de-
tector was also useful in checking the consistency
of the data.

The data for a given trigger mere interpreted in
a straightforward manner. Since the detection of
pulses from the counters was very efficient, a "53"
pattern almost always pointed to the aluminum slab
where a muon either stopped or scattexed out of the
detector. Electrons emitted in muon decay have a
maximum energy of 53 MeV. The mean range for
such electrons in aluminum is 2.3 in. ,"so very few
electrons passed through more than one seintillator.
Only the seintillator immediately upstream or the
seintillator immediately downstream of the appro-
priate aluminum slab was associated with a clock
recording a time less than the clock limit of 12.7
gsec (See Fig.. 6). From such data, the computer
derived lifetime and polarization information. Data

which did not satisfy the above criteria wex'e labeled
according to which criterion mas not satisfied; the
number of such failures mas then accumulated.

Information on the flux, lifetime, and asymmetry
was available from either oscilloscope displays or
teletype listings. Further, the computer also per-
formed least-squares fits to the data to estimate
the muon lifetime and the magnitude of the muon de-
t ay asymmetry.

IV. ANALYSIS

A. General Procedure

The data were divided into "runs, " defined by the
muon's energy and sign, and by the density of the
uranium target. In addition, a number of runs mere
made with different counter and logic configurations
in order to test the detectox and obtain information
on the location and origin of the muons. These tests
indicated that the muon flux was centered on the
detector and that it originated near the uranium
target.

The muon energy mas determined by computing
the energy lost in the degrader, assuming that the
muons were produced at a depth of =1 interaction
length in the uranium target, and that they stopped
near the center of the detector. Values of dE/dx,
the rate of energy loss, were computed from stan-
dard formulas, e and agreed with similar values
that have recently been published. 37

Data for each run mere checked by plotting the
ratios of the proton and muon monitors, taken one
with another, against time. Scatter plots were
made for pairs of monitors in order to check their
linearity. A representative sample of the data was
examined "by hand" as a further test for instru-
mental errors. Data for similar runs were then
compared in order to obtain an estimate of any
long-term variations in the monitors. Measure-
ments of the muon Qux mere found to be reproduc-
ible within +3%.

B. Muon Flux

Det8ctox AcceptQpl ce

In order to compare the measured flux of muons
due to meson decay with the flux expected from es-
timates"'~ of the meson spectra, , it mas necessary
to determine the acceptance of the detector, where
acceptance is defined as the ratio

number of L or T triggers
total number of muons in the energy interval covered by the detector

The acceptance was determined with the aid of a
Monte Carlo computer program which traced the
trajectory of muons through the degrader, the trig-

ger counters, and the detector. The effect of small-
angle scattering due to collisions was simulated
with a Gaussian distribution, "and the effect of
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large-angle scattering from the Coulomb field of
the nucleus was handled by computing the momen-
tum transfer corresponding to a randomly selected
impact parameter. The root-mean-square angle of
scattering given by the Monte Carlo results agreed
with that given by an analytic calculation.

In addition, the ratio

number of L triggers
T number of T triggers

was obtained from the Monte Carlo results and
compared with the value observed in the experiment.
Both the detector acceptance and the ratio L/T are
sensitive to the initial angular distribution assumed
for the muons. At 11.6 QeV, Monte Carlo results
based on the meson spectra developed by Sanford
and Wang ' gave values of the ratio L/T which

agreed with experimental results within the 10%%uo

statistical accuracy of the Monte Carlo program.
At the three highest energies, a spectrum which
fell off somewhat more rapidly with angle than the
Sanford-Wang spectrum gave similar agreement.

Comparisons were also made between the detailed
predictions of the Monte Carlo program and the
data. The fraction of muons which produce a trig-
ger (T or L}but do not enter the detector, and the
fraction of muons which enter the detector but scat-
ter out before stopping, can be predicted. This
latter number, multiplied by the fraction of muon-
decay positrons which escape the aluminum to pro-
duce a signal in the scintillator, allowed the frac-
tion of "53"events w'hich should contain no decay
positrons to be computed. Both calculated numbers
were in agreement with the experimental results.

It is important to consider the straggling in the
range of the muons. An estimate was obtained by
extending previous results, ""which cover muons
with energies up to 11.3 GeV. The distribution in

range 8 differs only slightly from a Gaussian form,
with a width bR/R = 5.5%%uo at 11.6 GeV. The strag-
gling increases to 6.7'%%uo at 25.1 GeV. At the three
highest energies, the smearing of the muon spec-
trum due to straggling increases the number of
meson-decay muons which are in the energy range
covered by the detector by a factor of two, since
the number of pions produced per unit energy falls
rapidly with increasing energy. At 11.6 GeV, str3g-
gling has little effect since the pion spectrum as a
function of energy is nearly constant. For W-pro-
duced muons, the effect of straggling will be small,
since the straggling is comparable to the thickness
of the detector and, as shown in Fig. 5, the muon

spectrum does not vary too rapidly with energy at
25 GeV.

Z. Corrections to Flux Measurements

The flux of promptly produced muons is deter-

mined by extrapolating the plot of muon flux versus
inverse target density. However, the measured
muon flux must be corrected for proton and meson
interactions in the non-target material in the beam,
for the different solid angles subtended by the de-
tector at the three targets, and for the "granularity"
of the uranium target.

Since the target is not infinitely thick, material in
the beam both upstream and downstream of it will
contribute to the muon flux. The appropriate pro-
ton interaction lengths for each type of material
have been determined experimentally. " The pion
mean free paths are larger than those of the pro-
ton, since the pion-nucleon cross section is smaller
than the nucleon-nucleon cross section. It was esti-
mated that A.,= 1.15K~. The probability that a ~'
will escape the nucleus in which it is produced de-
creases as the nuclear size increases. It has been
estimated" that nucleons in uranium might be 3 as
"efficient" as those in beryllium in producing high-
energy mesons. Appropriate efficiencies were as-
signed to nuclei lying between beryllium and uran-
ium on the basis of this estimate. The data were
corrected so that they corresponded to the muon
fluxes expected from protons directly incident on

an infinitely thick uranium target. It was found that
approximately 16% of the muon flux observed at the
maximum target density did not originate in the tar-
get. The corresponding figures for the density- —,

'
and density--', targets are 7% and 4%. The 16%
correction to the flux is estimated to be correct
within +3%.

The density- —,
' target begins 20 in. and the density-

3 target begins 40 in. upstream of the maximum-
density target. The respective solid angles are &%

and 7% lower than the solid angle subtended by the
density-1 target. The corrections for target granu-
larity are 0.7% for the density--', target and 0.5%

for the density-& target.
Corrections to the flux data were also made in

order to take into account the background due to
muons of the "wrong" sign which were scattered
into the detector. The wrong-sign background was
determined by including an appropriate term in the
functions used to fit the polarization and lifetime
data (see Sec. IV D}. The largest correction occurs
at the highest energies, where 20% of the nominal

data came from p.
' flux. The p. contamination

of the p,
' data was negligible at all energies.

The flux of incident particles was low enough so
that corrections for accidental coincidences were
negligible.

3. Comparison arith Muon Flux ExPected
from Meson Decay

The muon flux which originates in meson decay is
obtained from the experimental data by subtracting
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any "prompt" contribution to the flux. This flux

may also be estimated by integrating the parametri-
zations of the meson spectra over appropriate re-
gions of energy and angle. Comparison of the ex-
perimental result with the predictions at 11.6 GeV,
in a region where the meson spectrum is well
known, gives a check of many steps in the analysis
of the data. At the highest energies, where no mea-
surements of the meson spectra have been made,
the experimental results permit a qualitative test
of the parametrizations.

To make the comparison, the differential cross
sections for pion and K-meson production at each
energy were summed over angle in order to match
the spectrum used by the Monte Carlo program,
which determined the acceptance of the detector.
The fraction of pions which decayed into muons
with energies in the region covered by the detector
was then computed. The effect of straggling was
included in this calculation. The contributions were
then summed over energy. The Quxes of muons
thus computed corresponded to production inproton-
beryllium collisions, and were multiplied by 3 to
obtain the fluxes expected from proton-uranium
collisions. These Quxes, multiplied by the accep-

tance of the detector, are presented in Fig. 7, to-
gether with the experimental measurements. At
the lowest energy, the agreement is fair, with the
experimental results lying between the predictions
of the two models. At the highest energies, the
data indicate that the meson fluxes fall off more
rapidly with energy than is indicated by the models
of Sanford and Wang, and Hagedorn and Banft.

C. Muon Polarization

The Distributio~". of the Decay Electrons

The relation between the longitudinal polarization
of the muons and the forward-backward asymmetry
in the decay electrons is established by integrating
the spectrum over the aluminum slab. Neglecting
radiative corrections and neglecting the finite mass
of the electron, the spectrum for the decay of
muonsq

with average polarization I', has the form

=1(x)[1+I'A(x) cos8],djcos0jdx
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FIG. 7. The measured flux of positive
and negative muons, per incident pro-
ton~ is plotted as a function of muon en-
ergy. The Quxes expected on the basis
of the Sanford-Wang and Hagedorn-
Rmft spectra, integrated over the angu-
lar and energy regions covered by the
detector, and corrected for the effects
of multiple scattering and straggling,
are also shown. The agreement is fair
at 11.6 GeV. At the higher energies,
the experimental results suggest a low-
er muon flux than that predicted by the
tv' parametrizations.
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where I(x) = 6x' —4x' and A(x) = (x ——', )/( —', —x). Here,
0 is the angle between the electron momentum and
the muon spin, and x is the ratio between the elec-
tron energy and the maximum electron energy, 53
MeV. The function A(x) has its maximum value at
x= 1, decreases with lower electron energy, and
finally changes sign for x& —,'. Hence, although only
20%%u& of the decay positrons emerge from a slab, the
high-energy positrons that do escape are quite
asymmetric. The polarization information con-
veyed by this large asymmetry nearly equals that
lost due to the lower statistics, while permitting
the use of a detector that covered a large energy
interval.

It was calculated that positively charged muons
which had longitudinal polarization +1 and which

stopped in a 4-in. -thick aluminum slab would have
a front-to-back ratio, in the absence of a preces-
sion field,

N~ number of forward positrons 76 0 06= 1.76+ 0.06,
number of backward positrons

fast enough to see a magnetic field, to which its
magnetic moment is coupled. No depolarization oc-
curs at very high energies or at very low energies.
The formula ' for the depolarization has been given
as

P=P „,/(1 —6 ),
where

where E, = 21 MeV, Xo is the radiation length of the
degrader, R is the muon range, and P, is the initial
momentum. The value of P„ the cutoff momentum
at which the muon becomes nonrelativistic and no
longer sees a magnetic field, is ~M„, although it
is difficult to determine precisely. Ne have taken

P, = 286 MeV/c, and obtained the depolarization that
occurs during the remainder of the muon's range
from experimental measurements of the polariza-
tion of muons which are produced with polarization
-1 in the decay K'» p. '+ v, and which stopped in
aluminum. The average of these experimental mea-
surements is

d'N,
Nz = ' „Wr(x, cos8, z)dxd(cos&)dz. (6)

d cosa dx

The integral was weighted by the probability
Wz(x, cos8, z) that an electron produced at a depth
z in the slab, at an angle 8, and with energy x,
will escape in the forward hemisphere. The muon

polarization was assumed to be directed along the
beam axis and, hence, perpendicular to the plane
of the slab. The polarization vectors of individual
muons do not, in general, lie exactly along this
line, due to the effects of multiple scattering. But
on the average, the muon polarization will coincide
with the beam axis, and the effect of the multiple
scattering will appear as an over-all depolariza-
tion, whose effects were considered in the analysis.
The energy loss due to bremsstrahlung and pair-
production, and the multiple scattering of the posi-
trons, were included in S'~. The expression for
N~ was calculated in a similar fashion.

Negatively charged muons which stop in alumi-
num~' enter atomic orbits and rapidly lose their po-
larization. Further, 60% of the negative muons
which stop are captured by the nucleus before de-
caying. Thus, only about 8% of the p, -decay elec-
trons are observed, with an asymmetry near zero.

2. DePolarization Effects

High-energy muons are slightly depolarized when

scattered by the nuclear Coulomb field. The muon

experiences a field which is partly electric and

partly magnetic, and is depolarized when it is slow
enough to be scattered by the electric field but still

P=(1.14+ 0.09)P „,.
The nonuniformities in the magnetic field applied

to the detector cause the spins of the muons to pre-
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FIG. 8. The measured asymmetry in the decay
positrons,

&(t) = &(~) -B(t)j/'&{t) +B{t)~,
where F{t) andB (t) are the numbers of positrons ob-
served in the forward and backward hemispheres (rela-
tive to the direction of the incident muons) at a time t,
is plotted as a function of time for the sample of data
used to determine the depolarization due to the nonuni-

formities in the precession field. The best-fit curves,
with or without provision for a depolarization with time,
are also shown. The data are typical of those taken in
the experiment.

P = (1.04 + 0.08)P~„, .

For P, =236 MeV/c, 6, =0.09+0.01. Combining
these results, the muon depolarization due to Cou-
lomb scattering in the degrader is then estimated
to be
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cess at slightly different frequencies. Thus, the
measured polarization shows a decrease with time.
The effect was estimated by assuming that the non-
uniformities caused the precession frequencies to
be distributed unifox'mly in a band 4e around the
average frequency v, . Values of e, and 4(d may be
estimated from the geometry of the coils used to
produce the field, and then compared with those
determined by fitting the data with. this hypothesis.
The two values for eo differed by only a few pe
cent. The value of 4v determined from the data
was (25+ 12)%, somewhat larger than the 15%
spread that was expected. The least-squares fit to
the data, with and without the depolarization term,
is shown in Fig. 8, along with the sample of data
used to determine the values of vo an

It has been demonstrated experimentally that p.
'

undergo no depolarization due to microscopic mag-
netic fields in aluminum. ~'

3. Analysis of Polarization
and I-ifeiime Information

The data were fitted, by the method of least
squares, to functions which made provision for con-
tributions from the decay of polarized muons in
scintillator and in aluminum, for a small depolari-
ato .tht, adfo bakgo d d t a-

dom counts or muons of the wrong sign. The con-
stant background was determined, from a fit to the
data, to be =0.1/0 of the signal at i = 0.

The background due to muons of the "wrong" sign
which were scattered into the detector was deter-
mined from the fit to the p, data. The p,

' contam-
ination of the p data was 20%%uo at 25.1 GeV, de-
creasing to 5% at 11.6 GeV. This information, to-
gether with the measurements of charge ratios, en-
abled the p. contamination of the p' Qux to be cal-
culated as =0.2%%uo.

The lifetimes of the positive and negative muons
ln aluIQlnuIQ wex'e deterIQlned from the least-
squares fit to the data to be 2.26~0.02 p.sec for
p, and 0.90+ 0.05 ILL, sec fox' p where only statisti-
cal errors were considered. These are to be com-
pared to the accepted values, 2.1983+0.0008 p.sec
and 0.865 + 0.004 p.sec, respectively. '4'

4. Average Polarization of Muons Originating
in Meson Decay

Positive muons produced in meson decay, which
are emitted in the beam direction as determined in
the meson center-of-mass system, have a polari-
zation of -1 with respect to the beam direction.
However, not all of the muons which stop in the de-
tector were directed forward in their decay, so the
average polarization is not quite -1. The compon-
ent of the muon polaxization in the direction of its
laboratory momentum has been calculated" to be

0,2

-0.6—

t0
L

20 50

E (6ev)

I'IG. 9. The polarizations I', measured at target
density 3 and corrected for contributions due to the flux
of prompt Inuons Rnd fox' h depolarization ln the de-
grader, are plotted as a function of muon energy. They
Rx'6 compared to the predictions of the Sanford-Wang
parametrization for the average polarization of muons
originating in the decay of positive pions Rnd kaons and
detected by our apparatus. The uncertainties in the es-
timates based on the Sanford-Wang formulas are not
shown; they are estimated to be +0.05 at the three high-
est energies, and +0.03 at 11.6 66V. The data at tar-
get density 3 are the least sensitive to errors in estim-
ates of the contribution due to the prompt flux. The
errors shown include both statistical and systematic
uncertainties.

where (&*,p*) and (E, p) are the four-momenta of
the muon in the pion center-of-mass system and in
the laboratory, respectively, and y, is the labora-
tory energy of the pion divided by its mass. The
average polarization was obtained by integrating
this factor over the pion and K-meson spectra and
then dividing by the meson flux. For kaons, the
pion mass is replaced hy the kaon mass in deter-
mining the average value of the polarization. The
average polarization of muons from meson decay
was estimated to be 0.86+0.05, 0.83+0.05, 0.7V
+ 0.05, and 0.64+ 0.03 for muons of energy 25.1,
23.5, 20.5, and 11.6 GeV, respectively. The errors
reflect the uncertainties in the meson spectrum,
which appears to fall off more rapidly with energy
near the kinematic limit than indicated by the para-
metrization of Sanford and Wang.

Experimentally, the polarization of muons origi-
nating in meson decay may be determined from the
measured polarization if the contribution due to the
prompt flux can be estimated. The values of the
polarization determined in this fashion are com-
pared to the predictions of the Sanford-Wang para-
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metrization in Fig. 9. The data taken with the tar-
get density equal to 3 are the least sensitive to er-
rors in the estimates of the prompt Qux and were
used in the comparison.

V. RESULTS AND CONCLUSIONS

A. Measurements of the Muon Flux

The measurements of the muon Qux were cor-

rected so as to correspond to the Qux of muons of
one sign produced by a proton beam striking an in-
finitely thick uranium target and detected by our
apparatus. These measurements were converted to
values of the cross section for muon production,
5o„, by relating 5o„ to the total inelastic proton-
nucleon cross section, o;„,&=28 mb.

number of incident protons which produce muons
5o ~ + ~inc&P number of incident protons

=(number of muons per incident proton)xo;„„,

since all protons will eventually undergo an inelas-
tic interaction. The data were then normalized to
the momentum interval (=1.4 GeV/c) and angular
interval (1.1V x10 ' sr, in the laboratory) covered
by the detector. The data for muons with a particu-
lar energy and sign, plotted against the inverse tar-
get density, were fitted to a straight line, which
was extrapolated to infinite target density as shown

in Pig. 10.
The positive and negative muon Quxes obtained

from the extrapolation to infinite target density
were interpreted as a Qux of "prompt" muon pairs,
with a small background due to mesons produced by
the proton beam striking the vacuum pipe upstream
of the target. The Qux data do not contain substan-
tial evidence for S' production. Taking the differ-
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FIG. 10. The fluxes of positive and negative muons are plotted as a function of inverse target density for each of
the four muon energies. The measured fluxes have been corrected to correspond to muons produced in infinitely
thick uranium targets, as discussed in the text. No p data were taken at 20,3 GeV. The errors in the fluxes are
=3/, only slightly larger than the data points. The energy E& is measured in GeV and the density p is measured in
units of the density of uranium.
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ence between the positive and negative fluxes as an

upper limit for 8'production, we have

B
d
- — s1.5&10 "cm'/(sr GeV).

I imits on the total cross section for 8'production
may be obtained if the model used to calculate 8'
production is used to interpret the limit on the dif-
ferential cross section. These limits, which are a
function of the mass of the S; are presented in
Fig. 11. For masses in the range 2 to 4.5 GeV/c',
we have, approximately,

go~g6x10 36 cm .

B. Mcasurclllcnts of thc Muon Polarization

A typical plot of the measured asymmetry in the
positron distribution,

z, (t) —z, (t)
N~(t)+Ps(t) '

versus time, is presented in Pig. 8. The preces-
sion of the polarization with time and the bias due
to muons stopping in the scintillator are evident.
The amplitude 8 of the cosine wave in the plot is
the asymmetry (at time t=0) due to the decay of
muons which stopped in aluminum. The amplitudes
were determined from the least-squares fits to the
data at each muon energy and uranium target den-
sity. The phases of the cosine functions were
found to be 180', indicating that the polarization
was longitudinal and that the average polarization

15

l2—

of the incident muon flux was negative. The muon
polarizations were obtained from the values of 8
by normalizing to the asymmetry which was cal-
culated [Eg. (5)j for muons with polarization +1
stopping ln R 4-ln. RluminuIQ slRb

E 8 0 275+0 023
F+ 8

and then correcting for the muon depolarization in
the degrader. The p.

' polarizations at each energy
and target density are presented in Flg. 12.

It is possible to test for the presence of muons
from W" decay or from the electromagnetic decay
of neutral particles by coxnparing the measured
polarization with that expected for muons origina-
ting in meson decay. However, the uncertainties
in the meson spectrum and in the depolarization
correction make this procedure insensitive to a
flux of muons with polarization 0 or +1, which is
small in comparison with the flux of muons with
polarization -1. A more sensitive test for the exis-
tence of such muons may be made by comparing the
measurement of 8 made at target density 1 with the
measurement made at density 3. The data at the
highest energy are, of course, the most sensitive
to the presence of muons with polarization 0 or +1.
For the data at 25.1 GeV,

8 = -0.20+ 0.02 for density 1,

S= -0.18+0.02 for density 3,

where the phase of the cosine term is denoted by
the minus sign. These measurements are the same,
within errorsq and contRln no evidence for the pro-
duction of 8"s or muon pairs. The sensitivity of
the asymmetry measurement is fixed by the accura-
cy with which the two values of 8 were determined,
10%%u~. Thus, the polarization is sensitive to a flux
of muons from 8' decay which is as small as 10%
of the flux of muons from meson decay, and to a
flux of muon pairs which is as small as 20% of the
meson-decay Qux. The polarization data are con-
sistent with the measurements of the muon flux,
although somewhat less sensitive to the presence
of S"s and muon pairs.

C. Muon Charge Ratios
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FIG. 11. The results of the experiment, interpreted
in terms of our model for W production, have been used
to obtain upper limits on Bc', the branching ratio for
muon decay times the total cross section for S' produc-
tion. The limits onBaz are plotted as a function of a
M&, the mass of the 8'.

The ratios of the Qux of positive muons to nega-
tive muons were obtained from the density- data
after subtraction of the Qux due to muon pairs,
and are plotted in Fig. 13. The ratios show an ex-
pected rise with muon energy, indicating an in-
crease in the relative difficulty of producing a nega-
tive meson as one approaches the kinematic limit.
The ratios expected on the basis of the Sanford-
Wang and Hagedorn-Banft models are also shown.
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FIG. 12. The polarization P of muons detected in the experiment, corrected for depolarization in the degrader as
discussed in the text, is plotted at each muon energy as a function of inverse target density. The energy is measured
in GeV and the density in units of the density of uranium. The errors shown include both statistical and systematic er-
ors in obtaining P.

The agreement is good at 11.6 GeV, but not at the
highest energies.

D. Muon Pairs

We feel that the existence of a flux of negative
muons at the infinite-density intercept in Fig. 10,
which is a large fraction of the Qux of negative
muons at density 1, is good evidence for the de-
tection of muon pairs. Any background due to
"scraping" of the proton beam can be seen from
the data (Fig. 10) to be a small portion of the posi-
tive muon flux at density 1. Since the g'/g ratios
at the highest energies are large (Fig. 13), such a
background will only be a small part of the @,

—

"prompt" Qux also. We conclude that the majority
of the p, "prompt" flux is due to muon pairs. "

Values for the Qux resulting from muon pairs are
presented in Fig. 14. They were obtained by analy-
zing the positive and negative "prompt" muons in

terms of a Qux of muon pairs, with a small "scrap-
ing" background having the same charge ratio as
the muons from the decay of mesons produced in
the uranium target (Fig. 13). No g data were taken
at 20.3 GeV, so only an upper limit on the produc-
tion of muon pairs is available. The implications of
the flux data taken at 11.6 GeV in terms of a Qux of
muon pairs [Fig. 10(d)] are not in good agreement
with the polarization measurements made at that
energy [Fig. 12(d)], which show no evidence of a
flux of muon pairs comparable to the meson-decay
flux at maximum target density. Since the measure-
ments at 11.6 GeV were necessarily made without
the massive shielding available at the highest ener-
gies, counting rates were very high, resulting in
certain instrumental difficulties, and the discrimin-
ation against muons produced by beam scraping up-
stream from the target was reduced. We feel, then,
that our measurement of a rather large "prompt"
flux at this energy might not be completely reliable,
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and we do not wish to draw any conclusions concern-
ing the production of muon pairs from the data at
this energy. However, the polarization data do in-
dicate that any contribution to the flux from electro-
magnetic processes must be a small fraction of the
total muon flux from the most dense target.

E. Implications in Terms of the Existence of a W

We do not believe that the negative results of the
experiment can be taken as evidence against the
existence of W's with a mass less than 4 GeV/c'.
This is readily seen using the relation obtained by
Yamaguchi between the flux of muons from W decay
and the flux of muon pairs from the decay of mas-
sive virtual y's [Eq. (4)]. Even with a rather broad
invariant-mass acceptance, we see few prompt
muons from all sources at O'. Then the Wproduc-
tion of muons, which should be small compared to
the electromagnetic production of muons, is cer-
tainly very small. Although it was possible to im-
prove the resolution in invariant mass of the source
particle, S' or virtual photon, and then discrimi-
nate more sharply against electromagnetically pro-
duced muons, this was not done as the 0' measure-
ments established that the W flux was too small to
detect.

This same conclusion is reached if the experi-
mental data are viewed in terms of our model for
W production. It can be seen from Fig. 14 that, at
25.1 GeV, our estimates of the flux of muon pairs
were overly optimistic by a factor of 5. If our esti-
mates of W production are reduced by a corres-

ponding amount, the Quxes of decay muons are then
too low to be observed in this experiment.

F. Limit of the X Process

We can express the contribution of the X process
in terms of the ratio of the intensity of muons pro-
duced by this process to the intensity of pions pro-
duced at the same energy. Only pions with an inci-
dent energy greater than the energy of the muons
which are detected can contribute to this muon Qux.
About 10 4 of these pions decay to muons before in-
teracting in the shield, and the muons from these
decays have an energy spread extending from the
full energy of the pion to about 60'%%ug of the energy of
the pion. When the spectrum of the pions produced
in the interactions is considered together with the
muon spectra from those pion decays, the contri-
bution from pions is reduced another factor of 10,
and the ratio of pions produced to muons observed
at a uranium target of dens t;y 1 is about 10'. The
fraction of the residual muons at infinite target
density to the muons at density 1 is —,, and if we
attribute all the residual muogs to the X.process,
we find that its contribution is less than 2@10 ' of
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FIG. 13. The charge ratio p+/p, of muons originating
in meson decay, obtained by correcting the experimen-
tal data at target density 3 for contributions due to the
"prompt" Qux of muons, is plotted as a function of muon
energy. The predictions of the Sanford-Wang and Hage-
dorn-Ranft parametrizations, adapted to our experimen-
tal arrangement, are also shown. No p,

—data were tak-
en at 20.3 GeV.

FIG. 14. The flux of muon pairs, obtained from the
experimental data, is plotted as a function of muon ener-
gy. The predictions of our model for the production of
heavy virtual y's and the detection of one of the subse-
quent decay muons are shown as the solid line. At 25.1
GeV, it is seen that the prediction is higher than the
measured flux by a factor of =5. Since no p,

—data were
taken at 20.3 GeV, only an upper limit is available at
that energy.
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the pion flux. This is to be compared to the ratio
of about 2&&10 ' found in cosmic rays. " It seems,
however, that the residual muon intensity is quite
consistent with that intensity expected from electro-
magnetic production, and the limit on any otherwise
unknown X process is lower yet.

Christenson et al. have now published" a very
interesting set of measurements concerning the
production of muon pairs of large invariant mass
by the interaction of high-energy protons. They

point out that their results, together with the CVC
relations IEq. (4)], suggest that a W of mass 2
GeV/c' could be expected to be produced with a
cross section of 4 x 10 "cm, where B is expected
to be about equal to 4. This shows that our experi-
ment was probably barely sensitive to 8'production
for a W mass of 2 GeV/c', and that our conclusion
that it was not sensitive for larger masses was
correct.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.

)Now at the University of Indiana, Bloomington, Ind.

f.Now at Cornell University, Ithaca, N. Y.
5Now at the National Accelerator Laboratory, Batavia,

Ill.
T. D. Lee and C. N. Yang, Phys. Rev. Letters 4, 307

(1960); Phys. Rev. 119, 1410 (1960).
P. J. Wanderer, Jr. et al. , Phys. Rev. Letters 23,

729 (1969).
36. Bernardini et al. , Nuovo Cimento 38, 608 (1965).
4R. Burns et al. , Phys. Rev. Letters 15, 42 (1965).
~R. Cowsik and Y. Pal, Tata Institute of Fundamental

Research Report No. NE-69-7 (unpublished); in Pro-
ceedings of the Eleventh International Conference on

Cosmic Rays, Budapest, 1969 (unpublished).
6R. Burns et al. , Phys. Rev. Letters 15, 830 (1965).
R. Burns et al. , Columbia University Nevis Labora-

tories Report No. NEVIS-153, 1966 (unpublished).
R. C. Lamb et al. , Phys. Rev. Letters 15, 800 (1965).

~Y. Yamaguchi, Nuovo Cimento 43A, 193 (1966).
oF. E. Low, Comments Nucl. Particle Phys. 2, 33

(1968).
~~R. E. Marshak, Riazuddin, and C. P. Ryan, Theory

of Weak Interactions in Particle Phy si cs (Wiley-Inter-
science, New York, 1969).

~2H. Foeth et al. , phys. Letters 30B, 282 (1969); A. R.
Clark et al ., Lawrence Radiation Laboratory Report No.
UCRL-20078 (unpublished) and private communication.

N. R. Mohapatra, J. Subba Rao, and R. E. Marshak,
Phys. Rev. 171, 1502 (1968).

. I. Ioffe, Zh. Eksperim. i Teor. Fiz. 47, 975 (1964)
lSoviet Phys. JETP 20, 654 (1965)].

C. Ryan, S. Okubo, and R. E. Marshak, Nuovo Cimen-
to 34, 753 (1964).

~A theory of weak interactions, involving several inter-
mediate bosons but without divergences, has recently
been proposed. Here too, the typical boson mass sug-
gested by second-order weak processes is about 2 to 8
GeV/c2. See M. Gell-Mann, M. L. Goldberger, N. M.
Kroll, and F. E. Low, Phys. Rev. 179, 1518 (1967).

~~T. W. Keuffel, T. L. Osborne, G. L. Bolingbroke,
G. W. Mason, M. O. Larson, G. H. Lowe, T. H. Parker,
R. O. Stenerson, and H. E. Bergeson, in Proceedings of
the Eleventh International Conference on Cosmic Rays,
Budapest, 1969 (unpublished).

G. G. Bunatyan et al. , Zh. Eksperim. i Teor. Fiz.
Pis'ma v Redektsiyu 9, 325 (1965) tSoviet Phys. JETP
Letters 9, 192 (1969}l.

T. D. Bjorken, S. Pakvasa, W. Simmons, and S. F.
Tuan, Phys. Rev. 184, 1345 (1969).

G. F. Chew and F. E. Low, Phys. Rev. 113, 1640
(1959).

V. Namias and L. Wolfenstein, Nuovo Cimento 36,
542 (1965).
22M. Conversi, T. Massam, Th. Muller, and A. Zichi-

chi, Nuovo Cimento 40A, 690 (1965); D. L. Hartill et al. ,
Phys. Rev. 184, 1415 (1969). For some general corn-
ments on nucleon form factors, see R. Wilson, Phys.
Today 22, No. 1, 47 (1969); T. Massam and A. Zichichi,
Nuovo Cimento 43A, 1137 (1966).

E. D. Bloom et al ., Phys. Rev. Letters 23, 930 (1969);
E. Breidenbach et al. , ibid. 23, 935 (1969}.

S.Drell and T. Yan, Phys. Rev. Letters 24, 181 (1970);
24, 855 (1970); S. Drell, D. Levy, and T. Yan, Phys.
Rev. 187, 2159 {1969); Phys. Rev. D 1, 1035 (1970).

R. P. Feynman, Phys. Rev. Letters 23, 1415 (1969).
6J. V. Allaby et al. , Phys. Letters 29B, 198 (1969).
R. Omnes and M. Froissart, Mandelstam Theory and

Regge Poles (Benjamin, New York, 1965).
For example, the spread in the laboratory momentum

of a W of mass 3 GeV/c would be, typically, +2%, which
is small compared with the+7% straggling in the range
of the decay muons. Similarly, the smearing of the
angular distribution of the muons due to the Fermi mo-
mentum is only 20% of that due to multiple scattering.

J.R. Sanford and C. L. Wang, Brookhaven National
Laboratory Accelerator Department AGS Internal Reports
No. JRS/CLW-1 and JRS/CLW-2, 1967 (unpublished).

R. Hagedorn and J. Ranft, Nuovo Cimento Suppl. 6,
169 (1968). The predictions of this model for 28-GeV
P+-Be collisions were supplied by M. Awschalom and
T. White of the National Accelerator Laboratory [see
NAL Internal Report No. FN-191, 2020, 1969 (unpub-

lished)]. J. Hanft, Phys. Letters 31B, 529 (1970), gives
a more recent version of the model. As noted in this
article, the predictions of the older model for meson
Quxes at energies near the kinematic limit were higher
than observed, in agreement with the results of this
experiment. Detailed predictions of the newer version
were not yet available for use in the analysis here.

3~Particle Data Group, Rev. Mod. Phys. 42, 87 (1970).
32G. Parzen, Brookhaven National Laboratory Acceler-

ator Department Internal Report No. AADD-155, 1969
(unpublished) .
33K. Jellett and G. Parzen, Brookhaven National Lab-

oratory Accelerator Department Internal Report No.
AADD-149, 1969 (unpublished) .



34J. D. Fox (private communication}.
3~H. Bethe and J.Ashkin, in Experimental nuclear

Physics, edited by E. Segre (VFiley, New York, 1953),
Vol. I.

36B„M, Sternheimer, in Methods of Experimental Phys-
ics, edited by L, Marton C. S. Wu arid L, C ~ L, Yuan
(Academic, New York, 1961), Vol. 5A.
3~P. M. Joseph, Nucl. Instr. Methods 75, 13 (1969).

B.Rossi, High-Energy Particles (Prentice-Hall,
Englewood Cliffs, ¹ J„1952).

3~R. M. Sternheimer, Phys. Rev. 117, 485 {1960).
4 A. Ashmore et al., Phys. Rev. Letters 5, 576 (1960).
41"200 BeV Accelerator Design Study, " Lawrence Radi-

ation Laboratory Report No. UCRL-16000, 1965 (unpub-
lished) .

Q. Feinberg and L. M. Lederman, Ann. Bev. Nucl.
Sci. 13, 431 (1963).

S. Hayakawa, Phys. Rev. 108, 1533 {1957}.
4D. Cutts et al ., Phys. Rev. Letters 20, 955 (1968);

Phys. Rev. 184, 1380 {1969); C. Coombes et al. , +id.
108, 1348 (1957).

4'A. Buhler et a/. , Nuovo Cimento 39, 824 (1965);
M. Weinrich, Columbia University Nevis Laboratories
Report No. NEVIS-56, 1958 (unpublished); R. A. Swanson,
Phys. Rev. 112, 580 (1958).

48M. Eckhause, R. T. Siegel, R. E. Welsh, and T. A.
Filippas, Nucl. Phys. 81, 575 (1966).
4'J. H. Christenson, G. S. Hicks, L. M. Lederman,

P. J. Limon, B. G. Pope, and E. Zavattini, Phys. Rev.
Letters 25, 1523 (1970).

PH YSIC A L RE VIE%' D VOLUME 3, NUMBE B, 11 1 JUNE 1971

2130-MeV Aop Mass Enhancement in the Reaction K d ~ A p1t' at 1.45 and 1.65 GeV/c
D. Eastwood, J. R. Fry, F. R. Heathcote, and Q. 8. Islam

Department of Physics, University of Birmingham, Birmingham, United Kingdom

D. J. Candlin, G. Copley, and G. R. Evans
Department of Natura/ Philosophy, University of Edinburgh, Edinburgh, United Kingdom

J. R. Campbell, W. T. Morton, and P. J. Negus
Department of Natural Philosophy, Unlverslty of Qlasgo&, Glasgo&, United Kingdom

M. J. Counihan, D. P. Goyal, D. B. Miller, and B. Schwarzschild
Department of Physics, Imperial College of Science and Technology, London, United Kingdom

(Received 29 September 1971}

An enhancement in the A p mass spectrum from the reaction K d A'pm at K- momenta
of 1.45 and 1.65 GeV/c is reported. The peak of the distribution occurs at =2129 MeV and
the width at half-height is =10 MeV. A possible interpretation of this effect is given.

I. INTRODUCTION

Several groups' ' have reported an enhancement
in the Ap mass distribution around 2130 MeV from
a study of the reaction

K d-APm

in a deuterium bubble chamber. Cline et al. '
observed this effect by using K at momentum
400 MeV/c. The position of the peak in the AP
mass distribution was 2126 MeV, and the width
was less than 10 MeV. Subsequently, Alexander
et a/. ' reported the effect by using K at momenta
910, 1007, and 1106 MeV/c, but the peak in this
case appears to be at =2129 MeV, and the width is
= 10 MeV. More recently, Tan studied reaction

(1) with stopping K and observed the enhancement,
with the peak at =2129 MeV and the width =V MeV.
Although in all these experiments the enhancement
is statistically significant, it is not yet clear
whether this constitutes evidence for the existence
of a AP resonance, or whether the enhancement
could arise from a kinematical effect involving an
intermediate Z hyperon, i.e.,

K d- ~-(Zf~t)

Ap. (2)
Detailed reviews of the observations and their in-
terpretation were presented at the 1969 hypernuclei
conference.

In the present paper we report the observation of
this enhancement in a study of reaction (1) at K


