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the 8 ' distribution of Fig. 2 peaks near this
value. For g- ~ +y+y events, the phase-space
spectrum of Myy produces a corresponding
spread of 8, values, thus smearing out the 8
distribution as shown in Fig. 2.

Clearly, any model of the decay g-w +y+y
which seriously distorts the Myy phase-space
spectrum will affect our upper limit for r. One
particular model of g decay has been consid-
ered. ' Taking the g as an initial quark-antiquark
state, it is assumed to decay via two succes-
sive magnetic dipole transitions: g- p +y,
p -m +y, where the po represents a virtual
1 intermediate state (the po, ~o, or yo). This
model produces a flattening of the Myy spectrum
compared to pure phase space, but leaves un-
changed the upper limit for r.

(d) It has been determined' that there is a
background of 15 to 40% in the low-mass region
of the 4y data. [threshold to 1.0 BeV in Fig. 1(b)],
due to feed-down from 37t events in which two
of the six gammas have escaped detection. We
have not been able to predict all the detailed
properties of such feed-down events, but rea-
sonable models predict 8 ' distributions which
are broader than the observed experimental
6 distribution. Therefore, introduction of
these background events into the fits to the 4y
data will decrease the number of p 7T +y+y
events in the best fit; in fact, a reasonable fit
can be obtained using only v m events plus 3v

feed-down events, with no g's. For this reason,
the value of ~ determined above, which assumed
the existence of only ~'Tt' and g-r'+y+y events
in the data, is considered an upper limit rath-
er than an exact determination.
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This paper presents the results of a measure-
ment of the magnetic moment of the Z+ hyper-
on. In addition to providing a test of current
baryon symmetry schemes, the experiment
also demonstrates the feasibility of several
new techniques in experimental high-energy
physics. Spark chambers were operated direct-
ly in very high (165 kG) magnetic fields, and
spark-chamber observations were made of the
complete production and decay event of the short-
lived sigma, hyperon (see Fig. 1). The gener-
al method for measuring the magnetic moment
was the same as that employed in several A'
magnetic-moment measurements. ' ' The pre-
cession of polarized sigmas in a magnetic field

was measured by observing the asymmetric
decay,

Z+ -7t'+ p.

In this experiment the polarization vector was
nearly perpendicular to the magnetic field (B),
while the Z+ momentum (P~) was directed along
B. For this case, a Z that moves a distance
LZ in the field will have its magnetic moment
precess through an angle

e =g I", F =2BL m /hP

where B is the average value of the field along
LZ, p, Z is the magnetic moment in units of
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FIG. 1. Picture of sigma event in spark chamber.
The spark chamber is located in the bore of the mag-
net and the two orthogonal views are seen by internal
reflection from the spark-chamber frames. The draw-
ing to the right gives the interpretation.

the Bohr nuclear magneton (ply =eh/2mp = 3.15
x10 "MeV/G), and m~ is the Z+ mass. For
this experiment, (L,gang/Pg)av was -1 7Tg.
and B-10' G, giving an average precession
angle of 7' per nuclear magneton.

The experimental arrangement' is shown in
Fig. 2. Polarized Z+ were produced in the re-
action

+p-Z +K .

Separated pions (P„=1.14 BeV/c), ' obtained
from an internal Bevatron target, were direct-
ed onto 12 -', -in. polyethylene targets (a total

of 3.59 g/cm ), which formed alternate plates
of the first three inches of a spark chamber.
The last inch and three-quarters contained 14
~s-in. gaps and was free of target material (see
inset of Fig. 2). This chamber was placed di-
rectly in the bore of a pulsed solenoidal mag-
net. The K+ from Reaction (3) passed through
the magnet and into a K detector which was
used to trigger the spark chamber. The pro-
duction and decay Reactions (3) and (1) were
visible in the spark chamber (Fig. 1). The
spark-chamber frames were designed so that
light from the active volume was internally
reflected by the frames out of the magnet bore.
No adverse effects were observed from the
operation of the chamber in the intense mag-
netic field; on the contrary, a considerable
brightening of the sparks was observed which
increased the efficiency for detecting valid
events. (See later paragraphs concerning the
analysis. ) The K detector, shown schematical-
ly in Fig. 2, consisted of an array of scintilla-
tion counters, Cherenkov counters, and absorb-
ers which first selected the production angle,
velocity, and range of the K+, and then detect-
ed its decay. The detector was divided into
four quadrants which covered 360' of azimuth
from the target, and accepted kaon laboratory
production angles between 6 and 30'. The prompt-
K signature, S„S1S2C2C5C3C4$3,opened a
5- to 36-nsec gate. The spark chamber was
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I'IG. 2. Experimental arrangement, showing the relative position of the spark chamber, magnet, camera and
optics, and the E detector described in text for a single quadrant. The eddy-current shields reduced the field in
the region of the detector to tolerable levels. The spark-chamber drawing at right shows the construction of the
chamber and the manner in which the light was brought out from the active volume. SB3 is a scintillation counter
defining the beam into the spark chamber, and is part of the incident pion signature defined as Sz. The spark
chamber is triggered by S~S182C2C5CHC483 which opens a 5- to 36-nsec gate within which a kaon decay signature
CGC3C483 or C4S3CGC3 is required.
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triggered by the kaon decay signature, C,C3CQS3
or CP,C,C„in time coincidence with the gate.
S„wasa beam signature which identified the
incident pion. The magnet system was an en-
larged version of those previously used at the
University of Washington. The magnet pro-
duced a peak field of 165 kG at the center of
a cylindrical volume 4 in. in diameter and 4-,'
in. long.

Data were taken with the magnetic field par-
alel ("normal" ) or antiparallel ("reversed")
to the incident beam direction, and with field
off. A total of 1.26x10" pions traversed the
target, resulting in about 3x105 pictures. The
pictures were quick scanned for possible Z+

candidatese from which 3000 events were se-
lected for measurement. A measured event
was accepted as a valid Z+ if (a) the production
coplanarity, A-=cos '[(~xZ) (w xK)], was less
than 20'; (b) the measured sigma production
angle, ~Z meas, and the sigma production
angle calculated from the measured kaon pro-
duction angle, OZ calc, differed by less than

sured angle 8&Z between p and Z was less than
the maximum possible for the proton decay
mode. (This eliminates all but 5% of the charged

pion decay mode). In addition, Z-track-length
and fiducial-volume restrictions were imposed.
Distributions of A, A, and OpZ showed peaks
of at least 10:1above background and the widths
of A and 6 were commensurate with the mea-
sured resolutions. The measured resolution
on the projected angles was ~5 for Z, and +30'
for K and P. This results in measurement er-
rors on A, A, and 8~Z of 5, 5, and +10', re-
spectively. The measured lifetime of our ac-
cepted sample was (0.80+ 0.07) x 10 "sec,
in good agreement with the accepted value.
There are essentially no events beyond three
lifetimes, and the lifetime plot follows an ex-
ponential quite well. Background events in the
spark chamber can arise from production pro-
cesses in which one of the reaction products
rescatters. We have estimated this for elas-
tic n -P scattering and various inelastic pion
processes (including Fermi momentum). We
find that the restriction imposed by (b) and (c)
limit the number of such background events
in our final sample to less than 10%. On the
basis of all of the above evidence, we are con-
fident that we are indeed observing "elastic"
Z+ production and its subsequent decay into
the proton mode. The total number of survived

No. of
events

Field normal

"Tight" selection
criteria

92

Field zero 146
] -0.86 + 0.09

—0.75 + 0.14

] —0.64+ 0.10

1I3+ 1o3

1.8+ 1.5
Field reversed
All data

Field normal

143
381 -0.71+ 0.08

"Loose" selection
criteria
123

1.5+1.1

Field zero

Field reversed
All data

186

177
486

) -0.86 + 0.09 2.2 + 1.8
-0.69 + 0.13

] -0.56 + 0.09 1.0 + 2.0

-0.69 + 0.07 1.7 + 1.1

Z+ events is given in Table I.
The expected distribution of the decay pro-

ton in the angle X defined in Fig. 3 is

dn(y) = (N/2n)[1+K cos(y+I'p )]dy,

where K =~nP/4, P is the average polarization
of the Z, n is the decay asymmetry parame-

(4)

n h
fl=aX g

ni)
PLANE J TOQ

h
A

k

PRODUCTION PLANE

FIG. 3. Description of the vectors pertinent to the
production and decay Reactions (5} and (1}in the text.

A A A A

The vectors K, m, Z, P are unit vectors in direction of
the kaon, pion, sigma, and proton momenta, respec-
tively; ~ is the spin vector of the sigma, and B is
the magnetic-field vector in the "normal" position.

Table I. Results of the maximum likelihood analysis
for two sets of selection criteria. The data used in the
"tight" selection analysis are a subset of those used in
the "loose" analysis (see text).
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ter, and p~ is defined in Eq. (2). N is the to-
tal number of decay events. In this experiment
I" and y are measured for each event, hence
a two-parameter likelihood analysis would ex-
perimentally determine both K and p, &. How-
ever, the y distribution of our "field-off" data
is noticeably different from the distribution
(4) with I'=0. It is evident from Fig. 4(a) that
there is a pronounced deficiency in the region
140 & y & 230'. This indicates an experimental
bias. The effect also persists in the "field-on"
data. Previous hyperon magnetic moment analy-
ses" have also had to contend with similar
biases, and the approach has been simply to
delete the biased portion of the data. This meth-
od does not introduce a serious systematic er-
ror if the bias is small; however, for larger
biases, the "cutoff" is most certainly arbitrary
and we therefore made an independent exper-
imental determination of the bias. Tests made
on the y distributions, in which the spark-cham-
ber fiducial volume was restricted to regions
of varying distance from the spark-chamber
walls, indicated clearly that the bias was pre-
dominantly due to fiducial volume. On the ba-
sis of this evidence, events were created using
a Monte Carlo technique to determine the ef-
fect on the y distribution introduced by the small
spark-chamber fiducial volume. First, mea-
surements were made on all the accepted events
to determine the number of Z+ sparks, the num-
ber of proton sparks, and the number of K sparks
needed to allow identification of an event. In
addition, measurements were made to deter-
mine the spark formation efficiency for each
of these particles. The "created" events were
then tested using the measured sparking effi-
ciency and spark-number criteria to determine
if they could be identified before leaving the
chamber. The X distribution of the surviving
events from this Monte Carlo analysis was fit-
ted by a four-term Fourier expansion. Sepa-
rate functions were generated for "field-on"
[Ey(y)] and "field off" [Eo(y)] since the spark
brightness and, therefore, the spark detection
efficiency were not the same for the two cases.
In Fig. 4(a) we show a comparison of E,(y)(1
+K cosy) with the experimental y distribution
of our accepted events for the "field-off" case.
A similar plot for the "field-on" data is shown
in Fig. 4(b). We have included events for both
signs of field to improve the statistics for com-
parison with the theoretical distribution. To
make such a comparison possible it is neces-
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sary to "unwind" each event. This we do by
forming the quantity X. =y +I'-p, ~ for all "field-
on" events, where X; is the measured angle
for the ith event and p, ~ is our experimental
value for the magnetic moment. These events
weighted by [Ef(y -I'fp, ~)] ' are used to form
the histogram in Fig. 4(b). This histogram is
to be compared with the smooth curve

lV(y')dy' = (N /2m)(1+K cosy')dy'.

Kith the inclusion of the bias, the likelihood
function becomes

x[1+Kcos(y. +I'.p, )]A. ', (5)
s z Z z

FIG. 4. (a} "Field-off" data. The curve is the func-
tion (1+%cosX}Ep(x}, normalized to j.40 events, with
K= —0.56, the value found in this experiment. (b) "Field-
on" data. The histogram and the smooth curve are de-
scribed in the text. The degree of agreement between
the histogram and the smooth curve is a measure of
the validity of our bias calculation.
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A. = 1 F. (0)(li)[1+Kcos(y. +I'.p, )]dy.

A two-parameter maximum-likelihood calcu-
lation was made to determine the best values
for the magnetic moment (pg*) and the asym-
metry parameter (K*). Table I gives the re-
sults of these calculations. Entries are made
for the two field directions analyzed separate-
ly, and for two different sets of data-selection
criteria. The "tight" criteria refer to the se-
lection described above, while the "loose" ap-
plies to somewhat relaxed kinematic and fidu-
cial-volume requirements. For the correct
bias function, the results from the two field
directions should agree. For the "tight" selec-
tion criteria good agreement is obtained. The
somewhat greater disagreement between the
results for the two field directions for the "loose"
data, while not statistically unlikely, is attrib-
utable, in part, to differences in the require-
ments for detection of events in the two sets.
The same bias function was used in both analy-
ses. We expect that the agreement could be
improved by determining the correct bias func-
tion for the "loose" data in the same way that
it was determined for the "tight" data. The

result obtained by combining the data from both
field directions should be quite insensitive to
this type of bias. We have varied the bias func-
tion over wide limits and have found that the
values obtained for p, ~* and K* stay well with-
in our quoted errors. For example, if the bias
function is set equal to unity (i.e. , the bias is
ignored), the value of p~* obtained is 1.3, still
well within our error. However, the value ob-
tained for the separate field directions (when
the bias is ignored) is 0.0 and 4.0 for normal
and reversed, respectively. " For the two dif-
ferent selection criteria, the results for JL(,g*
and K~ for the combined data (two field direc-
tions) are within the quoted error, showing the
relative insensitivity of our result to the selec-
tion criteria.

The sign of our result is positive and our
convention is the following: A positive magnet-
ic moment will precess counterclockwise look-
ing along the direction of the magnetic field
(see Fig. 3). The direction of the magnetic
field was determined during the experiment
by checking the polarities of the magnet and
magnet power supply, and was confirmed dur-
ing the analysis by observation of track curva-

ture for particles in easily recognized events
(e.g. , A"s and the longest lived Z's).

Estimates have shown that systematic errors
in K* and p.~* are negligible when compared
to the statistical errors. The errors (standard
deviation) quoted in Table I are purely statis-
tical, and were calculated using standard er-
ror analysis methods. "

The symmetry schemes SU(3) and SU(6),"'"
in the absence of the mass-splitting interactions,
both predict that p.~ = p, ~

= 2.79. The mass-
corrected value of Beg and Pais" is p.~ = 2.2.
The errors associated with these predictions,
as well as other model-dependent calculations, "
may well be the order of this difference or larger.
The value p.~ =1.5+1.1, obtained in this exper-
iment, is in agreement with these predictions
within the limited accuracy, and the experiment
indicates that there are no large anomalies. "
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