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If we invoke factorization and assume that the N2

vertices are of the same type as exist in elastic scatter-
ing, then the total cross sections can be related to the
I =2 cross sections by the optical theorem.

4~J. G. Rushbrooke, Nuovo Cimento Lett. 2, 181 (1971).
The use of reactions (6.4) along with data for the

process pn ppn leads to a determination of the I =0
exchange amplitude in NN NNx. See Ref. 49.

~ See, e.g. , M. Jacob and G. Chew, Strong Interaction

Physics (Benjamin, New York, 1964), Chap. 1.
See, e.g. , R. Hagedorn, Relativistic Kinematics

(Benjamin, New York, 1963), Secs. 7-4 and 7-5.
For M & 1.6 GeV no off-shell corrections appear to

be necessary; see Ref. 29.
~4Pion-nucleon scattering cross sections can be ade-

quately described by the first four partial waves forI&1.6 GeV; see Refs, 21 and 29.
E. L. Berger et al. , Phys. Rev. Lett. 20, 964 (1968).
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Approximately 370000 pictures of slow K interactions were taken in the Michigan-Argonne propane

bubble chamber at the Argonne National Laboratory Zero-Gradient Synchrotron. They were scanned for

the reaction K p —2+m produced by K in the momentum range 250-550 MeV/c. A 45-kG

magnetic field applied perpendicular to the incident beam precessed the spin of the X+ through an

average angle of 9'. The final sample, after cuts, consisted of 2651 events with an average time of
flight of 1.5 X 10 " sec and an average polarization of 0.37. A maximum-likelihood analysis yielded

2.7+ 0.9 nuclear magnetons for the X+ magnetic moment.

I. INTRODUCTION II. EVENT COLLECTION

SU(3) symmetry requires that the magnetic mo-
ment of the Z' hyperon be equal to that of the
proton, 2.79 p„, if the baryon mass differences
are neglected. Beg and Pais' contend that this
equality of magnetic moments holds only when

they are expressed in units of intrinsic magnetons
(eh/2m, c), where m, is the mass of the baryon
under considerations. In other words, their pre-
diction for p, ~+ is 2.2 p,„.Other models" pre-
dict p. ~+ to be between 1.7 and 3.6 p.„.

There have been six previous measurements' '
of p. ~, . The average of all these experiments is
p, ~+ = 2.6 a 0.5 p, „. The measurement presented
here is the most precise so far.

In this experiment, polarized Z' were produced
in the reaction

K +P- Z++n'

The beam was tuned to yield K in the chamber
ranging from 250 to 550 MeV/c to produce highly
polarized Z'. The Z+ polarization in this mo-
mentum range is well known due to the work of
Kim" and of Watson, Ferro-Luzzi, and Tripp. "

A. Exposure

The data for the present experiment were ob-
tained from an exposure of the 40-in. Michigan-
Argonne propane bubble chamber" to a separated
K beam" at Argonne National Laboratory. Ap-
proximately 3'70000 pictures were taken with
about five K per picture. The K entered the
chamber with momenta in the range 450-550
MeV/c and stopped after turning through approxi-
mately 180' in the 45-kG magnetic field.

B. Scanning

Scanners were required to record all interac-
tions of in-flight beam tracks in which two par-
ticles of opposite charge were produced, pro-
vided that the positive particle appeared to decay
into a proton within 8 cm. The high stopping and
trapping power of the chamber allowed rejection
of most Z'-nn' decays by visual inspection;
most of the decay protons stopped in the chamber.
A cut of minimum length l cm (equivalent to one
mean life) was imposed on the Z' track. This
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TABLE I. Hypotheses tested in the program SQUAW.

Fit No. Reaction

Number
of

constraints
Unknown
variable

K +p x +missing mass

K +p Z" +m'

K +p K +p

K +p 2++m

p+ 7('

Mass, momentum, and
direction of the
missing particle

Z+ momentum and
direction

Momentum of proton

Z' momentum, momen-
tum and direction of m'

Z+ momentum, momen-
tum and direction of n

cut reduced considerably the number of events
which had to be measured. The small precession
angle of the short-lived Z' so rejected make them
not very useful in the magnetic moment determi-
nation. Monte Carlo simulation showed that loss
of these events increases the error in the mag-
netic moment by only 10$.

About 35% of the film was double-scanned. The
average single-scan efficiency was 79% and the
over-all efficiency was 85/0.

C. Measurement and Data Processing

An N. R. I. microscope (film-plane digitizer)
and two Vanguard image-plane digitizers were
used to measure the events. Uncertainty in point
reconstruction in space was about 0.25 mm in
x and y.

Measured events were processed through the
geometric reconstruction program TVGP" and
the kinematic fitting program SQUAW. " Table I
shows the various hypotheses tried in SQUAW.
Events which failed TVGP were remeasured as
many as three times, or until they could be prov-
en not to be Z' candidates on the basis of those
tracks which did pass TVGP.

Events fitting hypothesis 4 (Table I) comprise
the experimental sample for the measurement
of pz+. Some events fitting hypothesis 4 also fit
hypothesis 3 or 5, indicating that they might be
unwanted background. In later sections, the cuts
imposed to reduce this background are discussed.

III. POLARIZATION OF THE Z'

To measure p. z+, it is necessary to know the
polarization of the Z'. This polarization is a

function of both E~ and (9*, which are the energy
and the production angle of the Z' in the Z'n
rest frame, respectively. An analytic expression
for this polarization is given by Kim, "who fit-
ted the data from several KN experiments with
A momenta in the range 0-550 MeV jc, using
the effective-range parametrization of the K
matrix formulated by Boss and Shaw. " Qne might
use his expression, which shows that the polariza-
tion has both positive and negative values. Al-
ternatively, one could measure the average po-
larization for the entire sample, or averages
for several subsamples of the data, using the ob-
served decay asymmetry of the Z' (see Sec.
IV C).

In the maximum-likelihood determination of
p. z+, we use our measured average polarization
for four subsamples of the data, in order to pre-
sent a model-independent result for p. ~+. Kim's
polarization is used only as a guide in forming
the subsamples. Kim's fit is also used to esti-
mate the amount of unpolarized background in.

our data, by comparing our measured polariza-
tions with his predictions.

IV. BACKGROUND

A. Monte Carlo Simulation

A large number of Monte Carlo events were
generated to study the effects of cuts, potential
biases, and background. In the Monte Carlo pro-
gram, the incident K momentum was set at
550 MeV/c. The E was assumed to enter the
chamber in a direction perpendicular to the mag-
netic field. Energy loss and beam attenuation
resulting from decay and interactions (equivalent
to an interaction length of 125 cm) were taken
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into consideration. The distribution of production
angle and polarization was generated using the
parameters given by Kim. The length distribu-
tion was generated using the known decay time.
The initial Z' polarization was precessed to get
the polarization at the decay vertex. The direc-
tion of the decay proton was generated according
to the decay distribution

do 1—= —(1+np ~ n )dQ 4m

1= —(1+a Pcos6),
4v

(2)

where P is the polarization of the Z', n~ is the
direction of motion of the decay proton, and u
is the asymmetry parameter, taken to be -0.995
throughout this experiment. "

B. E p Elastic Scatters

Before cuts about 27% of the events fitted both
hypotheses 4 and 3 (Table I). The confidence
level (C. L.) distribution for fit 4 for the ambig-
uous events showed an excess between 0 and 10%
which could be attributed to the presence of back-
ground events. Therefore all ambiguous events
with C. L. for fit 4 less than 10% were excluded
from the final sample. A similar excess below
5% was observed in the sample of unambiguous
events. Therefore, events with C. L.& 5% were
removed from the unambiguous events. Also ex-
cluded were the events with Z'-p relative azi-
muth smaller than 7', since they were found with
poor efficiency and had unreliable measurements
of the Z' length.

The above three cuts reduced the total number
of events that formed the final sample to 2651.
Table II summarizes the remaining fit ambiguities.
The cuts did not completely remove K elastic
scatters from the final sample. The remaining
background was estimated by two independent
methods.

(i) Elastic scatters fitting hypothesis 4 should

800—

640—
I—
Z~ 480—

2651 EVENTS

have a nearly flat 2' time-of-flight distribution
because of the small scattering cross section.
Therefore, the fraction of K p elastic background
should be higher in long time-of-flight events.
The ratios of numbers of events with time of
fight above and below 47 (r = mean life of Z') for
the unambiguous, ambiguous, and Monte Carlo
samples were found to be 0.062+0.005, 0.139
~0.015, and 0.055, respectively. The compari-
son of this ratio for the ambiguous events and
the Monte Carlo sample implies an elastic-scat-
ter background of (1.'I +0.4)'l/p left after cuts. The
slight excess of long-lived events in the unambi-
guous sample implies a background of (0.7 + 0.2)%
from some unknown long-lived source. Both cal-
culations assume that the time-of-flight distribu-
tion of the background is flat. The time-of-flight
distribution is shown in Fig. 1.

(ii) The second method is based on the fact that
the elastic scatters should reduce the measured
values of polarization. Although the proton scat-
tered off carbon could have a left-right asymme-
try, it would not contribute to the up-down asym-
metry of the Z'- pm decay. The measured value
of the average polarization of the ambiguous sam-
ple was 0.48+0.07, which is in fact very close to
the average value of 0.54 predicted by Kim's fit.
comparison of the expected and measured polar-
izations for the ambiguous sample implies a con-
tamination of 3$.

Therefore we conclude that an upper limit on
elastic-scatter background in the final sample
is 3/p.

Sample No. Characteristics

Number
of

events

TABLE II. Fit ambiguities in the final sample.
~ 320—

Z
~ 160—

Final sample

K p elastic scatter
ambiguities in sample 1

2651

581

0
0

I I I

1.6 3.2 4.8 6.4 8.0 9.6

T (10 sEc)

Z+ 7t+ ambiguities in
sample 1

342 FIG. 1. Distribution of the time of flight of the Z+.
The solid curve is the smoothed result of the Monte
Carlo program.
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C. Carbon-Produced Z' ).0

Many carbon-produced Z' were eliminated by
the restriction that there be only two outgoing
tracks at the production vertex. Still others were
removed when they failed to fit hypothesis 4 be-
cause of momentum imbalance. There could re-
main in our sample some carbon-produced Z'
which resulted from K interactions with a quasi-
free proton. These events are quite usable in the
measurement of the magnetic moment so long as
they are similarly polarized.

To investigate this question, we compared the
measured polarization of our sample with Kim's
prediction. The whole sample of events was
divided into four groups according to expected po-
larization (Kim). Table III and Fig. 2 show the
results. The good agreement between measured
and predicted polarizations suggests that any such
background is either small or has polarization
similar to the hydrogenic events. The good agree-
ment with Kim also suggests that there are no
other large sources of unpolarized background.

D. Z ~ g'+n

Of the final sample of good Z'- p fits, 13%
also had a good fit to Z'- v' decay (Table I, hy-
pothesis 5). We believe that nearly all of these
events are Z'-p decays, for the following rea-
sons: Firstly, visual inspection of a small frac-
tion of these events showed that all were identifi-
able as protons by ionization. Secondly, the con-
fidence level for the Z'-P fit was usually higher
than that for the Z'- ~' hypothesis. Lastly, any
such contamination will tend to lower the up-down
asymmetry at the decay vertex, since the decay
asymmetry parameter for m' decays is close to
zero. %'e do not observe any such effect, as noted
in Sec. IVC.

Furthermore, it is not even necessary to know
the amount of unpolarized background remaining
in the sample, since such a background will have
no effect on the measured value of p, ~+. This fact
is demonstrated in Sec. V.

z 0.5
C)
CL

0.0 0.5 i.0

Other sources of background have been con-
sidered and found to be quite negligible. For ex-
ample, A decay (A- pv ) very close to the pro-
duction vertex, in which the proton scatters from
carbon, would topologically resemble Z'- p de-
cays. It was established, however, that such
events would never fit hypothesis 4.

In conclusion, there is evidence for a small
(&3') background from K p elastic scatters, and
an even smaller (-1%) long-lived background of
unknown origin, and no evidence for any other
sources of unpolarized background. The uncer-
tainty in the amount of unpolarized background
is included in the likelihood analysis for p. z+
(Sec. V).

V. MAGNETIC MOMENT CALCULATION

A. Precession of Z' Spin

At the production vertex, the Z' spin is per-
pendicular to the production plane as a result of

PR E Dl CTE D POL.

FIG. 2. The measured average polarization of four
subsamples vs the average polarization for each sample
predicted by Kim's analysis.

TABLE III. Comparison between measured and Kim polarizations.

Group

Number
of

events
Polarization range
predicted by Kim

Measured average
polarization

Kim
average

polarization

851

909

567

-1.0 ~pol. & 0.0

0.0 ~pol. & 0.325

0.325 ~pol. & 0.650

0.650~ pol. ~ 1.0

-0.13+0.09

0.16+ 0.06

0.52+ 0.05

0.75+ 0.06

-0 ~ 05

0.15

0.49

0.75
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P

dS'
, .IP (&~8)lP'Idt mPC Sl C

m2C2 dg

(3a)

(3b)

where S = (S, 5) is the Z' spin four-vector, p
=( po, p) is the Z' momentum four-vector, B is
the magnetic field strength, mP is the mass of
the proton, m is the mass of the Z', e is the
charge of the Z', p. z is the magnetic moment of
the Z' in nuclear magnetons, and c is the veloc-
ity of light.

B. Likelihood Analysis

Using Eqs. (3a) and (3b), we define the one-
parameter likelihood function L( g z} as

L(ez)=ptl+o'& (u ) e l, (4)

where Sf, is the spin of the fth event at decay.

100—

C)
C)
O~ 60
4J

parity conservation. In the magnetic field, the

spin precesses until decay. In the laboratory
frame the time dependence of the spin four-vector
is given by the following equations':

p z+ =2 73-o'.sv &~y

k= -0.03 +0.06,

(6)

( I)

In order to make a model-independent measure-
ment of p. z+, we have used our own measured
values of polarization to determine 5&, . As de-
scribed in Sec. IV C, the Kim model was used as
a guide to divide the data sample into four sub-
samples with different degrees of polarization
(see Table III). The average polarization of each
subsample was measured, and the polarization
assigned to each event in the likelihood function
was just the average polarization of the subsample
to which the event belonged. Maximizing the like-
lihood function with respect to p. z+, we obtain

p z+ —2.74 0 89 p, N

The errors correspond to the points where L
=L e '". The likelihood function is shown in
Fig. 3.

This one-parameter likelihood analysis con-
tains the implicit assumption that the polariza-
tions are exactly known, which is not the case.
In order to investigate the effects of this uncer-
tainty on the value and error in p, z+, one should
perform a five-parameter likelihood analysis
(four polarizations and pz, }and examine the five-
dimensional ellipsoids of constant likelihood for
correlations. This was done by a series of two-
parameter likelihood fits in which one polariza-
tion and p, z+ were simultaneously varied. No
correlations large enough to alter the error
|Iuoted in Eg. (5) by more than a few percent were
found. As an example of this lack of correlations,
we show in Fig. 4 the contours of constant likeli-
hood for the two-parameter fit in which all four
polarizations were varied proportionally. Spe-
cifically, the spin of each event was taken to be
the average polarization of the appropriate sub-
sample divided by 1+4, where k is the variable
second parameter of the likelihood function. The
lack of correlation is apparent. The results of
this two-parameter fit are

= 0.02,
hp, Ak (8)

20

1.0 2.0 3.0
p ~+(p g)

4.0

FIG. 3. The one-parameter likelihood function vs
pz+. This curve leads to the results of Eq. (5).

where (y.k) is the correlation of k and gz+ eval-
uated on the one-standard-deviation contour.

It should be noted that replacing the polariza-
tion function 5«by an empirica. l average polar-
ization for each subsample is legitimate because
the polarization enters linearly in the likelihood
function. By using empirical polarizations, the
effect of any unpolarized background is automat-
ically included; by allowing these polarizations
to be free parameters in the likelihood analysis,
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VI. BIASES

There are several possible causes of bias in
the experimental data. Those that have been con-
sidered are

(1}carbon produced Z',
(2) Z'- v'n decays;
(3) long-lived background, such as K p elastic

scatters;
(4) loss of events with small relative azimuth

between the Z' and the decay proton.
It has already been established in Secs. pl and

V that (1) and (2) are not important. The remain-

-0.10—

-0.05—

0.00
2.0

I

I

I

I

( 3.0
I I

4.0
I

the effect of statistical uncertainties in the em-
pirical polarizations on the error in p. z+ is in-
cluded.

We have also done maximum-likelihood analy-
ses using the Kim polarization function for 5f„
and obtain results which differ negligibly from the
above, as would be expected from the fact that
our measured polarizations agree so well with
those predicted by Kim.

ing potential biases were studied using the Monte
Carlo events. The Monte Carlo sample (16000
events} was distorted to simulate these biases,
and the magnetic moment of the Monte Carlo
sample was then "measured" by a one-parameter
likelihood method similar to that used for the
real events.

The background from K p elastic scatters, in
which the proton rescatters on carbon, is another
source of unpolarized background, since the pro-
ton-carbon scatter cannot have an up-down asym-
metry with respect to the production plane. How-
ever, there can be a left-right asymmetry if the
proton is polarized. Assuming 100/p polarization
and an analyzing power of 0.5 for the carbon scat-
ter, "we obtain 1.5% as the upper limit to the
left-right asymmetry introduced in our sample
from the 3% elastic scatter background. When
this bias folded into the Monte Carlo sample, the
"measured" magnetic moment shifted by only
0.01 p, ~.

To test the effect of other long-lived background,
the magnetic moment was measured as a function
of the time of flight of the Z' (see Fig. 5). There
is evidently no significant systematic trend.

The relative azimuth distribution of the data
sample is shown in Fig. 6. The loss of about 30%
of the events is obvious; the left-right asymmetry
of the distribution is 2%. This loss could have
either or both of two effects: (a) The magnetic
moment measured by use of the unmodified like-
lihood function, Eq. (4), might be shifted rela-
tive to the value that would have been found with
an unbiased sample of events; (b) the cos8 dis-
tribution [Eq. (2) j might be distorted by the loss,
resulting in an incorrect result for the error in

5.0—

0.05—
Z

+ 00
H

FIG. 4. Contours of constant likelihood for the two-
parameter likelihood function, as a function of p&+ and
k. The variable parameter k is the scaling factor for
average polarizations, defined in the text. The contours
shown are the 1- and 2-standard deviation contours
(L =L~„& and L =L~e, respectively).

-5.0—
I

&0

7 (MEAN LIVES)

I

&5

FIG. 5. The magnetic moment of the Z+ as a function
of Z+ lifetime. The dashed lines show the one-standard-
deviation limits of the final result for the whole sample.
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125—

~ 100)
0

50

MONTE CARLO

2651 EVENTS

192 =

160—

2- 128—

64—
2'.

2651 EVENTS

25—

0 I

-60 -30 0 30 60 90
RELATIVE AZIMUTH

0 I I I

-1 0 -05 00 05 10
cos e

FIG. 6. Distribution of the relative azimuth between
the Z'and the decay proton in the lab. The curve is the
smoothed prediction of the Monte Carlo program, nor-
malized in the regions

~
rel. az.

~

& 15'.

p, z+ deduced from the unmodified likelihood func-
tion.

The first effect was studied by making a variety
of different relative azimuth cuts (some symme-
tric, others asymmetric) on the Monte Carlo
sample and noting the shift in the "measured"
magnetic moment. The largest shift observed
was 0.1~0.1 p.„. No systematic trend was noticed
as the cut was increased from 0' to 15', nor when
asymmetries were introduced.

The cos6) distribution of the real events is
shown in Fig. 7 and shows no signs of distortion.
The distribution was fitted by the method of least
squares to Eq. (4), with P set equal to the aver-
age polarization of the entire sample (P =0.37).
The value of y' was 22, with 20 degrees of free-
dom. There is no evidence for the need for a
quadratic term.

VII. EXPERIMENTAL ERRORS

The error quoted in Eq. (6) for the magnetic
moment is purely statistical. We have considered
the following other sources of error which should
be added to the statistical error. It was found
that the 0.5% uncertainty in the value of the mag-
netic field and the average error of 3/0 in the
measurement of the Z' length have negligible ef-
fects on the error in p, z+. The error in the mea-
surement of the angle between the Z' polariza-
tion and the decay proton introduces an additional
uncertainty of 0.04 p.„. If this uncertainty is add-

FIG. 7. The distribution of cos8, where 8 is the angle
between the Z' polarization and the direction of the
decay proton in the rest frame of the Z+. The straight
line is the result of the least-squares fit to the form
N =1+nP cose, with nP fixed at —0.37. The dashed
histogram is the result of the Monte Carlo program.

ed in quadrature to the error quoted in Eq. (6), it
also has a negligible effect.

VIII. CONCLUSION

In this experiment the magnetic moment of the
Z' is measured to be 2.73'~'» nuclear magnetons.
The present experiment has an error slightly
smaller than that of the best previous experiment.
Since all the experiments agree within errors, it
is appropriate to form a new weighted world aver-
age, which is p. z+=2.63+0.42 p.„or 2.06~0.33
sigma magnetons.

Several theoretical models have been used to
calculate the magnetic moments of individual hy-
perons and interrelations between them. The
SU(3) model of Gell-Mann and Ne'eman" predicts
p, z+ ——p.~. A similar model of Gursey et al. ,

"
assuming integrally charged quarks, gives the
same prediction. Using SU(6), Beg et al. ' again
make nearly the same prediction for p. z+. How-
ever, if the mass difference between the proton
and the Z' is taken into consideration, their pre-
diction becomes p. z, =2.2 p, „. Using the techni-
ques of current algebra, Mathur and Pandit' pre-
dict p, z+ =3.6 pN. A dynamical model of symme-
try breaking by Pagels' predicts p, z+ =1.7 p, „.

It is evident that the world average value of p. z~
is not consistent with either of the latter two pre-
dictions. However, the uncertainty in the mea-
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sured value is not small enough to differentiate
between the unbroken SU(3) prediction and the

simple mass-corrected prediction of Beg. Ex-
periments with higher accuracy are therefore
necessary to differentiate between the two models.
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