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A polarization has been observed in p+ Be—AD+anything at 800 GeV. A total of 1.2
&106 Ao decays were recorded at fixed lab angles between 0 and 9.5 mrad, covering a range
of kinematic variables 0.8«x-0.7 and O~p~«1. 5 GeV/c. The observed polarization was
consistent with parity conservation and increased monotonically with increasing p~, in-
dependently of x, reaching P~ = 0.28+0.08 at 1.5 GeV/c.

Multiparticle-final- state reactions form the
major part of the total cross section at high en-
ergies. The general case is difficult to treat both
experimentally and theoretically because of the
high multiplicity. Inclusive channels of the form
a+b-c+X, however, may be described in a fair-.
ly simple way because of the sum over the unob-
served states X. There has been considerable
experimental and theoretical activity in the study
of kinematic distributions of inclusive channels
for various choices of particles a, b, and c.' If
any of these three particles has spin, then polar-
ization effects are possible which furnish infor-
mation sensitive to interference between various
amplitudes contributing to the reaction. It is
known that as the energy increases polarization
effects in elastic scattering become very small. '
Few measurements of high-energy inclusive po-
larization effects have been made. ' This Letter
reports the first observation of substantial polar-

ization effects in inclusive production at 300 GeV.
The polarization was observed in the channel p
+Be-A'+X. A reaction of this type, where par-
ticle c is a A hyperon, is particularly well suit-
ed to polarization measurements because the Ao

serves as its own spin analyzer through the de-
ca.y Ao —p+n

Figure 1 shows the apparatus. The 300-GeV
protons were deflected vertically (positive angles
upwards) with a magnet 150 m upstream of the A'
production target, and then restored to the target
with magnets 5 m upstream, to obtain production
angles between 0 and 9.5 mrad in a vertical plane.
The neutral beam was defined by a fixed collima-
tor with its axis in the horizontal plane. The col-
limator was 5.3 m long, compared to the decay
length for 150-GeV/c Ao's of 10.4 m. A vertical
magnetic field (the sweeping magnet) of 21 kG
was applied to the collimator. A circular tung-
sten aperture 4 mm in diameter at 3.2 m defined
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FIG. 1. Elevation view of the Fermilab neutral hyperon beam. 300-GeV protons were incident from the left. M&

is the restoring magnet for production-angle variation. IC and T are ion chamber and Be target. M2 is the colli-
mator and sweeper. S is a veto counter; V is the decay vacuum; and 1-6 are multiwjre proportional chambers.
M3 is the analyzing magnet.

a solid angle of 1.2 p.sr, The production target
was a beryllium cylinder 6 mm in diameter and
15 cm long.

A multiwire proportional chamber system and
spectrometer magnet of conventional design were
used to reconstruct the decays A'-p+w . The
spectrometer system could record 220 events
per 1-sec beam spill. The trigger required a
coincidence between signals from each of the
first five proportional chambers. At 0.5 mrad
40% of the triggers reconstructed as A', with
mass resolution (full width at half-maximum) of
6 MeV/c'. At 9.5 mrad 10% of the triggers re-
constructed as A . The other triggers were K,
-& +7t along the vacuum decay length, and con-
versions y -e +e and neutron stars in the thin
windows and other material in the neutral-beam
path. A typical 80 000-trigger magnetic tape re-
quired about 1 h. Data were taken at eight pro-
duction angles: -2.5, -1.5, +0.5, +1.5, +3.5,
+ 5.5, +7.5, and +9.5 mrad. At each angle data
were taken for both polarities of the sweeping
magnetic field. The analyzing magnet was peri-
odically reversed. Beryllium target and "no tar-
get" data were interleaved. The A' (target out)/
(target in) yield was 2%.

In the rest frame of the A' the proton distribu-
tion is dN/dQ=(1+ aPcos8)/4&, where 8 is the
angle between the proton momentum and the A

spin, P is the magnitude of the polarization, and
a =0.647+0.013.' In this frame let z be parallel
to the A momentum, x be horizontal, and y be in
a vertical plane, positive upwards. Each com-
ponent of the proton asymmetry was measured
separately using the maximum-likelihood method.
For the z component the likelihood term for the
ith event was L; =(1+oP,cosg,)/[ jdcosg(1+uP,
xcosg)], where g; is the polar angle between the

momentum vector and the proton momentum
vector in the A' rest frame. The denominator
was evaluated over the acceptance of the spec-
trometer for each event separately. The unknown

parameter (uP, ) was then obtained by maximizing
L = II,L, .

The three components of asymmetry were meas-
ured in the hyperon rest frame downstream of the
sweeping magnet channel, after the A 's had
passed through a vertical magnetic field with
jBdl = 117+3 kg m. Ao's polarized in the hori-
zontal plane should precess through an angle
greater than 90' between the beryllium target and
the decay region. The advantage of this preces-
sion was that the z component of the asymmetry
would change sign as the sweeper polarity was
reversed, giving a useful handle on the presence
of polarized A 's. This is shown schematically
in Fig. 2(a). The polarity of the sweeper did not
affect the detection efficiency of the apparatus in
any way. Experimental evidence for a sweeper-
dependent asymmetry is presented in Fig. 2(b),
where aP, versus production angle 0q is plotted
for the 150-GeV/c A' momentum bin. The sepa-
ration between sweeper + and sweeper —is at-
tributed to a reversal of uP, . Neighboring mo-
mentum bins showed the same trend. Plots sim-
ilar to Fig. 2(b) were made for all three compon-
ents of the asymmetry in momentum bins 20 GeV/
c wide between 70 and 210 GeV/c. The data were
consistent with the initial spin along x =(p~xp~)/
(p~xp~). Thus the z component reversed as the
sweeper polarity was reversed, while the x and y
components remained unchanged. One half the
difference between results for sweeper + and
sweeper —was taken as nP„while results for
the two polarities were averaged to obtain nP„
and nP„. No statistically significant asymmetry
was observed at any momentum in any of the
three components for angles less than 3.5 mrad.
In particular 157000 events at +0.5 mrad showed
no effect in any component of the asymmetry,
serving to check for parity-nonconserving polar-
ization in production, A polarization due to a po-
larization of the incident diffractively scattered
proton beam, and geometrical biases in the appa-
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FIG. 2. (a) Horizontal-plane view of the motion of
A spin in the magnetic field of the collimator. Hyper-
ons were produced at O. Double arrows represent the
spin directions. Positive polarity precesses a negative
moment clockwise. The polarization components were
measured at 0'. (b) nP, as a function of e~ for 140
GeV/c «pA» 160 GeV/c. A sweeper-dependent asym-
metry appears for 0A-3 mrad.

ratus. As a further check on geometrical biases,
the data sample for the decay K,'-&++ & (156000
events) was analyzed for a "polarization" in the
same way as A'-p+&, and showed no statistical-
ly significant effect.

To convert the observed asymmetry components
from the variables uP, (8&, pg as shown in Fig.
2(b) into scaling variables uP, (p~, x) the substitu-
tions p&=p~(IA and x -pq/(300 GeV/c) were made.
Within the statistical accuracy of the data, u
&P,(p~,x) obtained in this way was found to be in-
dependent of x in the range 0.3 x~0.7, so that
the data for all x bins were combined to obtain
asymmetries as a function only of p~. The plots
for uPI(p~), uP„(p~), and uP, (p~) measured at
the point 0 in Fig. 2(a) are shown in Figs. 3(a),
3(b), and 3(c). The ratio uP„/uP, is a measure
of the magnetic moment of the A', and should be
independent of p~. A comparison of Figs. 3(a)
and 3(b) shows that this is indeed the case for
p~ ~ 0.8 GeV/c, where the magnitude of the ob-
served polarization is statistically different from
zero. If the sign of the magnetic moment is as-
sumed negative, and the magnitude is assumed
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FIG. 3. Three components and magnitude of the A—p+z asymmetry as a function of A transverse mo-
mentum.

less than 1.2p~ (p~=proton magneton), then the
average precession angle Q is s/2+tan '(uP„/
uP, ). The experimental value of 0=122'+10'
combined with the field integral quoted above
gives pz=(-0. 57+0.05) p~. ' From Fig. 3(c) the
average value of the parity-nonconserving com-
ponent uP, is -0.009+0.003. The other parity-
nonconserving component at the point 0 in Fig.
2(a), the s component, can be obtained by com-
paring sweeper + and sweeper —data, with the
result that if ~ is the angle between P and x at
production, Psinco=0. 005+0.003. Figure 3(d)
shows the p~ dependence of )uP~ = [(uP x)'+(uP
s)2] ' 2. The polarization increases monotoni-

cally with increasing p~ over the range of p~ ob-
served. At pj = 1.5 GeV/c the observed value is
nP =O. IS+0.05, corresponding to I'=0.28+0.08.
For p&~0. 8 GeV/c, (uP)=0. 100+0.007.

The orientation of the spin vector PA normal to
the production plane and the functional dependence
Pz(p~) are both consistent with the hypothesis
that the polarization arises in the inclusive chan-
nel through strong interaction. Any model of this
high-energy inclusive reaction should accommo-
date a monotonic rise of Pz with increasing p~,
and a weak dependence of P~ on the scaling vari-
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able x. The observed x range corresponds to a
missing mass M of the recoil system I of 13 GeV
«M ~20 GeV. If the polarization is produced by
the interference of two amplitudes f, and f„PJ,
=2imf, f,*/((f, )'+ (f,)'), then it will have a weak
x dependence provided that f, and f, depend on x
in the same way, which cancels in the ratio.
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We show that in an SU(2) quantum gauge field theory, with isospin symmetry broken
spontaneously by a triplet of scalar mesons, isospinor degrees of freedom are converted
into spin degrees of freedom in the field of a magnetic monopole.

Classical solutions to gauge theories' mix spa-
tial and internal symmetry indices; for example
an isotriplet vector field 4, '(r) js proportional
to e„;x'. We now know that such solutions play
a role in the corresponding quantum theory; in a
weak-coupling limit they approximate matrix
elements of the quantum field between soliton-
monopole states. ' It is natural to ask the follow-
ing: Does the conjunction of spin and internal
symmetry persist in the quantum theory; and,
when internal symmetry is spontaneously broken,
do internal degrees of freedom reappear as spin
degrees of freedom~

An affirmative answer to this question is in-
dicated by our investigation' of the interaction of
an isospinor, spin-~ fermion with a monopole,
arising in an SU(2) Yang-Mills-Higgs model with
spontaneously broken isospin symmetry. ' We
found in the quantum theory a tower of spinless
states, describing dyons with magnetic charge
Q =+1/e and electric charge Q, =+ (N/2)e (e is
the gauge coupling constant and X is an integer
or zero) Moreov. er, the quantum Fermi field 4
effects a transition between them, (Q, Q, —e/2~
&& +~Q„, Q,)40. This matrix element is related to

the static, zero-energy solution of a c-number
Dirac equation in the monopole field. The solu-
tion g,„(v refers to Dirac indices; n to isospin
indices) has vanishing lower components (v = 3,
4), while the upper components have the form

0-=f(r)(1/~~)(s. 's. —s, s.'),
v, n=1, 2,

where s+ (s ) is a Pauli up (down) bispinor, and

f is a normalized wave function.
In the transition form factor (1), spin and iso-

spin form an antisymmetric singlet. This ex-
plains mathematically the curious circumstance
that a spinor field should possess nonvanishing
matrix elements between spinless states. Evi-
dently degrees of freedom of the spontaneously
broken isospin symmetry survive as spin degrees
of freedom, and couple to Dirac spin. For phys-
ical clarification, consider the nonvanishing
crossed matrix element (Q, Q, —e/2; —Q~, —Qg I

&& 4~0), which describes the creation of two spin-
less dyons by a spin-z field. Angular momen-
tum is conserved, since as is well known, the
total angular momentum of magnetic systems
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