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P = 1-—,'P+O(P') for SO(2),

P = 1-—,'P+O(P') for SU(2).

(9)

(10)

The large-P behavior can be estimated by keeping
only those terms in the action which are quadratic
in parameters describing the group manifold.
This yields a Gaussian path integral and implies

where n is the number of group generators and d

the critical temperatures with both ordered and
disordered starts. In Fig. 2 we see that for SU(2)
in five dimensions the two runs stabilize at differ-
ent values, indicative of a first-order transition.
In contrast, for SO(2) in four dimensions these
runs show large fluctuations and continue to con-
verge slowly, suggesting a higher-order transi-
tion.

In Fig. 2 I also show the results of similar
runs with the four-dimensional SU(2) model at
P =2.35. This corresponds to a temperature in
the middle of the slow-convergence region alluded
to above. The two runs converge after about
thirty iterations, while fluctuations are consider-
ably controlled relative to those seen in the SO(2)
model. I feel that the reduced convergence in this
region is not evidence for a phase transition, but
rather a consequence of the critical nature of
four dimensions.

At low P (high temperature) the points follow
the strong-coupling limit

is the dimensionality of space-time. The func-
tions in Eqs. (9)-(11)are plotted along with the
"data" in Fig. 1. Note that this inverse-P behav-
ior at large P is approached in all the models. I
do not expect any further phase transitions for P
above the onset of this spin-wave behavior.

In conclusion, I have presented Monte Carlo
evidence that the confinement phase of SU(2) lat-
tice gauge theory in four dimensions extends to
all values of coupling. This means that the con-
tinuum limit of this theory simultaneously exhib-
its confinement and asymptotic freedom. Of
course this is not an analytic proof; indeed,
there could exist a subtle transition not readily
observable in the average plaquette. I regard
this as unlikely in the light of the extreme clarity
of the transitions seen with the other models.
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Measurements of the polarization of p' from the decay of &z mesons gives a mean val-
ue of 0.0021 0.0048 for the polarization in the direction (p„&p&) normal to the plane of
decay. The ratio of the normal to the transverse polarization in the c.m. system is 0.0041

0.0092 and the value of Im( is deduced to be 0.012+ 0.026, not significantly different from
Im( ~0.008 expected if the decay were invariant under CP (or T).

The observed breakdown in CP or T invari- is possible that a moderately weak (milliweak)
ance, noted in K~ decays, can be described by CP-nonconserving force acts in second order or
either of two sets of theoretical conjectures. It that a much weaker (superweak) CP-nonconserv-
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ing force acts in first order to induce the CP-
nonconserving effects. If a superweak interaction
accounts for the CP-nonconserving effects which
have been observed in the ÃL, decay systematics,
we cannot expect to see the consequences of the
interaction in other processes at a level present-
ly detectable. If a milliweak interaction is re-
sponsible, CP-nonconserving effects should show
up at observable levels elsewhere, in particular
in an electric dipole moment of the neutron, ' in
a correlation between the nuclear spin and the
plane of decay in nuclear P decay, ' and in a polar-
ization of muons normal to the plane of decay in
K& decays. At this time, measurements of the
neutron electric dipole moment give negative re-
sults' at the level predicted by wide classes of
milliweak theories, while the nuclear P-decay ex-
periments are almost as sensitive if the light- (I
and d) quark transitions contribute fully to the
CP-nonconserving interaction. The measur e-
ments of muon polarization in K decays, which
are likely to indicate CP nonconservation if s-
quark transitions are especially important, have
not been quite so sensitive. 4 We present here the
results of an experiment which extends the level
of sensitivity of the K-decay measurements.

The manifestation of CP nonconservation in the
systems described above can be defined in terms
of the interference of two kinematically sepa, rate
amplitudes: In the absence of CP nonconservation
the amplitudes are relatively real; the existence
of an imaginary component indicates CP-invari-
ance violation. For E,' decays to m + p,'+v, it
is convenient to consider, as a measure of CP
nonconservation, the phase betweenA„, the am-
plitude for the production of p,

' with spin aligned
in the direction of the muon momentum, and A~,
the amplitude for the muon spin opposed to the
direction of momentum. The magnitudes of both
amplitudes are functions of T, and T„, the kinetic
energies of the decay particles in the c.m. sys-
tem, and then the position of the decay configura-
tion on the Dalitz plot. For a given value of T„,
A„' and A„' vary almost linearly with T„where A„
is zero when T, is at a minimum and A~ is zero
when T, has its maximum value. From elemen-
tary considerations of the character of the V-A
interaction, we can expect the mean values of
(A„/A„)' to be of the order of (1 —P„)/(I+P„).

It then follows simply that the transverse polar-
ization of the muon in the plane of decay will be
equal to 2 Re(A„*A~)/(A„'+A„') while the polariza-
tion normal to the decay will be equal to 2 Im(A„*
xA„)/(A„'+A~'). The ratio P„/P, will then be

equal to the angle Im(A„*A„)/Re(A„*A~) which we
take as a measure of CP nonconservation and
which, for milliweak models, we expect to be of
the order of ~ =2&&10 ' which parameterizes CP
nonconservation in the KL -to-K~ transitions. '

It is also convenient, and conventional, to con-
sider the decay, Kl.'-m +p,'+v, in terms of in-
variants constructed from a hadron current and
the lepton current. Two hadron currents can be
constructed from the quantities available and it
is useful to consider CP nonconservation in terms
of the interference of amplitudes proportional to
these currents and thus to the factors f, (q')(P»
+P,) and f (q')(P» -P,), where q' is the four-mo-
mentum transfer, (P„-P,)'. The possible CP
nonconservation can then be expressed in terms
of the value of Im(, where $ =f /f„as the value
of Imp will be proportional' to P„. The previous
best measurement gives Imp = —0.085+ 0.064.
The average muon polarization in the direction
p„xp& is equal to 0.21 Im), for Re( =0, where p,
is the three-momentum of particle a

A schematic diagram of the muon-polarization
detection equipment is shown in Fig. 1. The Kl'
mesons, produced at an angle of 6, from the in-
teractions with a platinum target of 28-GeV pro-
tons from the Brookhaven alternating-gradient
synchrotron (AGS) accelerator, travel about I m

through clearing magnets and collimators into a
5-m drift space. About 2%%uo of the decays which
occur in the drift space result in m + p,++ v events
such that the p' is focused by the 1.2-m-diam
toroidal magnet through a further steel absorber
to stop in the 1500-kg aluminum polarimeter,
where the direction of polarization of the p, is de-
termined by a measurement of the direction of
emission of the e+ from the p,

' decay. The active
volume of the polarimeter extends from a radius
of 20 cm to a radius of 50 cm and is 90 cm long.
The p, are defocused by the toroidal magnet such
that few stop in the polarimeter.

In our design, we detect the possible existence
of the CP-forbidden polarization normal to the
plane of decay by measuring the polarization of
the muons in the laboratory system, in the direc-
tion p~x p„, for selected classes of events where
the direction of the K beam lies in (or at a very
small angle to) the plane of decay. The two dia-
grams of Fig. 1, labeled type P (for plus) and

type M (for minus), suggest, schematically, the
character of the decays in the center-of-mass
system and the laboratory system for the two ba-
sic types of events selected by the computer ho-
doscope system and the associated trigger logic.
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FIG. 1. A schematic representation of the basic measuring system. The direction of polarization of muons from
K mesons which decay in the drift space between the exit from the shielding to the ABC hodoscopes is measured in
the polarimeter assembly. The diagrams to the upper right and lower left show characteristic decay configurations
for the two classes of events considered here.

The CP-forbidden polarization normal to the
plane of decay in the c.m. system is transferred
to the normal to the plane defined by the beam di-
rection and the muon decay in the lab system only
for these two classes of events. Note that the
component of polarization of the muons directed
into or out of the paper, P„, is opposite direc-
tions for the two classes of events and that the
component in the plane of decay, perpendicular
to the K beam, P„ is also oppositely directed for
the I' and N events. For both sets of events, the
trigger logic selects a muon which passes through
either an A counter or a B counter and then
through a "muon" counter and an I' counter to
stop in the polarimeter. Anticoincidence count-
ers, not shown in Fig. 1, reject muons which
pass through the polarimeter. Then the class-P
events are defined by the requirement of a coinci-
dence in the C, D, or E counters which register
the passage of the pion, while the class-M events
are selected by the requirement of a coincidence
in an A or B counter which is adjacent (in azi-
muthal angle) to the A or B counter which record-
ed the muon passage. Information from the V
counters is stored but not used in the trigger or
analysis. Of the 2% of the decays which generate
a p.

' which stops in the polarimeter, about 6%%uo

satisfy the trigger requirement which defines the
events as belonging to class h~ or P. Since only
about 25% of these stopped muons decay such that

the positron is detected in the G counters, our
measurements are then made on about one of
3300 E~' decays in the drift space. Our results
are based on a total of 12&& 10' events. Another
2~ 10' events were recorded under different con-
ditions to check systematic effects and trigger
backgrounds. We concluded from these studies
that the systematic uncertainties were quite small
compared to the statistical errors and that false
or incorrectly identified events comprised less
than 5/0 of our sample and contributed little to
our r eported uncertainties.

The diagram of Fig. 2 shows a section of the
polarimeter together with vectors representing
the components of polarization of the stopped mu-
ons. The component P„, present if CP invari-
ance is violated, lies in the direction of- the vec-
tor exp„; the component P, is perpendicular to
the direction of the beam and lies in the decay
plane, while the third component, P~, is in the
direction of the beam. The polarization compo-
nent P, is determined by measuring the U-D de-
cay asymmetry as a function of time as the muon
precesses in a 60-G axial magnetic field produced
by a current which passes through windings about
the polarimeter circumference. Here, U repre-
sents counts recorded in the clockwise counter,
looking downstream, and D the counts in the
counterclockwise counter. For each of the 32
counters, clocks are started upon the recording
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FIG. 2. An (exploded) view of a polarimeter section
showing the position of guard counters and electron de-
tection counters. The components of the muon polariza-
tion are shown in their relationship to the polarimeter
elements.

of the set of counter hits which signifies that a
muon stops in the polarimeter; the clock is
stopped by the count recorded when a decay posi-
tron passes through the counter. As the muon
precesses, the ratio A = (U-D)/(U+D) will vary
sinusoidally with the precession frequency. The
(CP-allowed) transverse polarization will pro-
duce an amplitude of the form A, (t) =CA, (0) sin(ot)
and the normal (CP-forbidden) polarization will
generate an amplitude of the form A„(t) = CA„(0)
x cos(nt), where C = 0.13+ 0.015 is the effective

analyzing power of the polarimeter and is de-
termined from our previous measurements on
aluminum polarimeters. ' The frequency, n, is
determined by the sign and magnitude of the axial
magnetic field and in our experiment was about
equal to 2z&& 8.333' 10' Hz. During the experi-
ment, the sign of the axial field, and then the
sign of o, was reversed every pulse. This re-
sulted in a cancellation of the CP-conserving am-
plitude, A, (t), so that the magnitude of any CP
nonconserving amplitude, A„(0), could be deter-
mined without interference of the large CP-con-
serving amplitudes. Conversely, the addition of
the signed amplitude, pulse by pulse, resulted in
a measure of A, (0) uncontaminated by any possi-
ble admixture of the CP-nonconserving amplitude
A„(t)

The curves of Fig. 3 show the basic data for
the most important results. The upper curves
show, to the left, the total amplitude A, (t) summed
over both classes of events, P and M, where the
M amplitudes are multiplied by —1 to take into
account the different signs which we expect and
observe. The curve to the right shows the same
data plotted modulo the cycle time and with the
background subtracted. The lower curves show
similar plots of the CP-nonconserving amplitudes.
The amplitudes of the two classes of events, eval-
uated by least-squares analyses, are A, = 0.0543
+ 0.00063 and A„=0.00028+ 0.00063. This leads
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FIG. 3. The top curve shows the variation of A, as a function of time and the bottom curve shows A,„. Note the dif-
ferent scales. The curves to the right show the same data with the background subtracted modulo j..2 @sec, the pre-
cession cycle time.

559



VOLUME 43, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1979

to a value of P, =0.42, consistent with Monte Car-
lo estimates of the polarizations expected for this
class of events, and a value of P„=0.0021+ 0.0048
for the CP-nonconserving component of polariza-
tion. From the Monte Carlo calculations, we find
Im( =P„/0. 18 = 0.012+ 0.026 to be compared with
the value of Im( = 0.008 to be expected from final-
state' interactions in the absence of CP noncon-
qervation. As a consequence of the character of
the experimental design, the conclusions concern-
ing CP nonconservation (or Imp) are quite insen-
sitive to variations and uncertainties in the Monte
Carlo calculations and in the incident Ei beam
spectra. We believe that the best measure of the
sensitivity of the experiment is the mean value of
P„/P, measured in the c.m. system which is
equal to the angle between the amplitudes A„and
A„and is found to be equal to 0.004+ 0.0092. This
result is to be compared with the value of 0.002
that we suggest as a central value to be expected
for milliweak theories.
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