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Search for T-invariance violation in E&3 decay
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The transverse polarization of muons from the decay K+~m p+v„was measured at
Brookhaven National Laboratory. Having detected and measured 2.1&10 p+~e+v, V„
decays we found that the T-violating component of muon polarization perpendicular to the
E+ decay plane P„=—0.0031+0.0053. Combining this result with our result for K„3, we

obtain as a measure of T (and th-erefore CP )invar-iance violation Imp= —0.010+0.019.

I. INTRODUCTION

The present paper describes an extension of our
earlier searches for T-invariance violation in E&3 de-

cays by measuring the transverse polarization of the
muon from the decay of E+ mesons; similar mea-
surements on muons from EL decay are discussed in
an earlier publication. ' There are two particular
reasons for varying the charge composition of the
particles involved. First, there is no Coulomb in-
teraction between the products of the E+ decay:
since only one of the particles, the muon, is electri-
cally charged, there can be no substantial polariza-
tion due to the final-state interaction which would
be large enough to mask a spontaneous T-invariance
violation. Second, backgrounds from a charged-E-
meson beam generate different systematic errors
than backgrounds from a neutral beam. A well
focused and collimated charged beam could be con-
structed which was more nearly monochromatic
than a neutral beam. These considerations offset
difficulties of detecting neutral pions from the K&+&

decay. The E„+3 experiment was thus undertaken to
increase the sensitivity of the search for T (and thus
CP) violation outside the K -K system by enlarging
the previous E&3 data sample significantly. More-
over, the additional data would be free of the sys-
tematic masking effect of final-state interactions
and this data could be accumulated at a faster rate
because of reduced backgrounds.

The experimental procedures used were broadly
similar to those used earlier in our measurements of
Ep3 decays. ' The main differences in the new ex-
perimental setup consisted in the use of a
momentum-analyzed E+ beam instead of a El
beam and the use of a lead-glass array for the detec-

tion of the neutral pions from the E+ decays instead
of the scintillation counters required for the detec-
tion of the charged pions from the El decays.
There were also numerous secondary differences (the
counter arrays were somewhat modified due to the
different kinematic region chosen, different an-
ticoincidence counters were used because of different
backgrounds, etc.), but these changes were relatively
minor. The same polarimeter, slightly improved,
was used to measure the CP-violating p+ polariza-
tion component perpendicular to the production
plane.

A short description of the experiment and of its
results has been published earlier in the form of a
letter.

The consequences of a possible noninvariance
under time reversal were discussed in 1957 by Lee,
Oehme, and Yang. In his Brookhaven lectures the
same year, Lee showed that the product
s2 (pi X p2), where p; are the momenta of particles
in the final state and s; their spins, is odd under T
reversal. A search for violation of T invariance in

Ep3 decays, where the relevant triple product is

s& (p~X p&), was suggested by Sakurai. In the ab-
sence of final-state interactions, the observation of
an expectation value proportional to that product,
which defines the muon polarization normal to the
decay plane, is evidence of a violation of time-
reversal invariance and, from the CPT theorem, of
CP invariance. Sakurai also pointed out that in the
case of Ep3 a small CP-violating polarization could
be masked by an electromagnetic final-state interac-
tion between the muon and m+ decay products.

During the period of almost two decades that
have elapsed since the discovery that CP is not an
exact symmetry of nature, CP-violation effects have
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been observed only in the decay of the K K -sys-
tem. All the observations can be described in terms
of a single complex parameter e which is the ratio of
the CP-forbidden and CP-allowed amplitudes for the
decays of neutral K mesons into two pions:

e= Amp(Kr. ~2m )/ Amp(Ks~2n )

and

I&I =2.3Xi0 '

(for a review see Ref. 7). Moreover, only the magni-
tude of e is determined by CP-violating effects; the
phase is derived from non-CP-violating properties of
the Ks and Kl. This description of CP-violating
phenomena is consistent with a model in which CP
violation is due to a "superweak" fifth force of
strength 10 Gf acting in first order with

~~S~ =2.
Gauge theories, though not the original "standard

model, " are open to several phenomenological pos-
sibilities which accommodate CP violation. It has
been shown' that at least one CP-violating phase is
allowed in the quark amplitudes when there are six
quarks. This result carries no prediction as to the
strength of the violation, and when experimental ob-
servations of the Ks Kl system ar-e used to normal-
ize the CP-violating strength, some properties of the
resultant conclusions are similar to those expected

from the superweak model. Among other things,
CP-violating quark phases lead to no observable ef-
fects in the muon polarization in E&3 decay.

Another class of models invokes a spontaneous
CP violation which would be due to the exchange of
particles of an enlarged Higgs sector, consisting of
at least two doublets. A complex phase could then
exist between the vacuum expectation values of the
Higgs fields. " A more precise measurement of the
CP-forbidden muon polarization component in K„&
decay would constrain the choices which are a priori
possible.

II. EXPERIMENTAL APPARATUS

A. Overview of the method

The apparatus' consisted of an axially symmetric
detector centered on the axis of the K+ beam. A
perspective view of the main elements of the detec-
tor is shown in Fig. 1. In a typical event the muon
from K+~irop, +v„decay was partially identified by
hits in counters A or 8, M, and F that defined a tra-
jectory which passed through the steel toroidal mag-
net and was focused by that magnet into the alumi-
num polarimeter. The muon identification was con-
firmed by the detection of the positron from the de-

cay p+ ~e+v, V& within a few ps of the muon com-

ing to rest in the polarimeter. The neutral pion

48 Pb GLASS
SHOWER COUNTERS

Fe TOROIO MAG

8 B COUNTERS~

COUNTERS

COUNTERS

EDGES

RS

8 V COUNTERS

EXIT
BEGINNING OF DRIFT SPACE

FIG. 1. A schematic perspective view of the experimental apparatus indicating the major components of the detector-

Dimensions are given in the text.
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which decays quasi-instantaneously into two pho-
tons was detected if one of the photons, with energy
greater than 1.2 GeV, hit the lead-glass array, locat-
ed symmetrically about the beam axis downstream
from the polarimeter.

We were seeking a T- (or CP )vio-lating com-
ponent of muon polarization normal to the decay
plane in the E-meson rest frame. We designed the
selection of events to accept events in which the E
meson beam direction was nearly in the decay plane
in the center-of-mass system. In the laboratory
frame, the beam direction was also in the decay
plane for these events. By selecting events in which
the pion direction was along the beam line, we en-
sured that the T-violating decay correlation

s& (p~X p&), defined in the center-of-mass system,
would be determined by measuring sz (px X p&) in
the laboratory frame.

Figure 2 shows two possible orientations of the
products of the E-meson decay. In the first class of
events, the pion is moving with the j' meson and the
CP-violating polarization of the muon can be taken
to be out of the figure. In the second class, the pion
is moving opposite to the boost direction and in the

laboratory frame is moving forward with only a
small momentum. In this case the CP-violating po-
larization is into the figure, and thus has an opposite
sign to that of the first case. The energy of the pho-
ton from the pion decay which is detected in the
first class of events is much larger than the photon
energy detected in the second class, and it was possi-
ble to choose an energy cut which essentially only
passed events belonging to the first class. This
avoided a partial cancellation of the CP-violating
polarization of the first class of events by that of the
second class, which would be of opposite sign. The
energy cut (at 1.2 GeV for a 4-GeV beam) also
served to eliminate spurious low-energy hits in the
lead glass.

Although two photons are produced in the pion

Kc.m. s.

decay, only one was detected in our array. The two
photons are emitted back-to-back in the rest frame,
and the kinematics of the E&3 decay are such that in
the boost to the laboratory frame the opening angle
between the two is always greater than 10 degrees.
The lead glass array, on the other hand, subtended a
maximum angle of 7 degrees as seen from the decay
zone through the openings in the toroid and polar-
imeter. Thus only one photon would be expected to
be detected in the array, and the event selection was
designed so that the only events selected were those
with localized showers, in which only one region of
the lead glass was hit. This eliminated spurious sig-
nals due to the coincidence of two or more separate
showers whose total energy was more than 1.2 GeV.

The components of the muon polarization in the
laboratory frame can be described in terms of three
components PL, P„and P„which lie along mutually
orthogonal axes. The longitudinal polarization PL
lies along the muon momentum vector, and the
components P, and P„are the transverse com-
ponents in and normal to the decay plane ( px X p„),
respectively. The toroidal magnet was designed to
focus the muon so that it entered the polarimeter ap-
proximately parallel to the E-meson beam line.
Thus, if the muon stopped in the polarimeter, its po-
larization component P, was radially normal to the
beam axis while the CP-violating component P„was
perpendicular to the plane containing both the muon
and the beam axis.

The geometry of the polarimeter [Fig. 3(a)] al-
lowed both P, and P„ to be analyzed. Each of the
32 aluminum wedges in the polarimeter was flanked
by two counters, labeled here U and D, with both the
wedges and the counters being distributed radially
about the beam axis. We measured the detection
asymmetry between the two counters U and D,

2 =(U D)I(U+D), —

for all aluminum wedges of the polarimeter. We
thus looked for the polarization of the muon normal
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FIG. 2. Two orientations of the AC~+3 decay products
and of the muon polarization, in the kaon rest frame and
in the laboratory system.

@
K+ BEAM INTO
THE PLANE

FIG. 3. (a) Schematic representation of the transverse
components of muon polarization (see text) in the polar-
imeter, as seen along the beam line. (b) Schematic repre-
sentation of the contributions of the transverse polariza-
tions to the asymmetry for an ensemble of precessing
muon s.
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to the production plane for 32 orientations of that
plane around the beam axis.

As outlined above, the measurements mere liable
to suffer from systematic errors which were likely to
mask the small effects we were trying to measure.
The U and D counters belonging to each wedge
would have to be perfectly matched in their efficien-
cy. Second, the CP-violating component P„we want
to measure is 2—3 orders of magnitude smaller than
the P, and PL components of the muon polarization.
The experiment was therefore designed as a null
measurement method with respect to a possible bias
in the up-down asymmetry and, likewise, the mea-
surement was in first order independent of the two
large CP-allowed components of muon polarization.
This was achieved by placing the polarimeter in a
uniform axial magnetic field of 55 G, whose direc-
tion changed every accelerator pulse. The spins of
the muons stopped in the aluminum precessed
around the direction of this field. For an ensemble
of muons, the asymmetry varies sinusoidally as a
function of cot, where co/2n is the precession fre-
quency equal to 745 kHz. A difference in the detec-
tion efficiency of the U and D counters is then re-
flected as a shift of the axis of symmetry of the
sinusoid from A =0 which can be easily taken into
account and which does not affect the fitted asym-
metry. Figure 3(b) shows the contributions to A

from P, and P„, the CP-conserving and CP-violating
polarizations, respectively. The CP-conserving po-

larization P, varies as sincot while the CP-violating
component P„varies as comt. Thus by reversing
the magnetic field each pulse and thus changing the
sign of co, and adding the contributions obtained for
the different field directions, we achieved a first-
order cancellation of the sine amplitude. As a
consequence of this cancellation, it was possible to
isolate the relatively small component P„ from the
much larger component P, .

After passage through the toroid the muon
momentum was, on the average, parallel to the beam
line so that for muons stopping in the polarimeter
PL was directed along the beam axis, in the direction
of the magnetic field, and thus did not contribute to
the precessing asymmetries.

B. The beam design

The secondary 4-GeV/c unseparated positive kaon
beam was produced at 0' by the interaction of the
28-GeV/c proton beam, extracted from the
Brookhaven Alternating Gradient Synchrotron
(AGS), with a 10-cm-long platinum target. The tar-
get was rectangular in cross section, 7.6 mm wide
and 10 mm high. The secondary-beam optics are
shown in Fig. 4. Dipole D1 bent the beam 18
through narrow brass collimators which had two
channels accepting 4- and 28-GeV/c particles,
respectively. The secondary beam, which had a
10% full width at half maximum momentum bite,
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FIG. 4. The collimators and beam optics for the 4-GeV beam line.
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was then focused by the quadrupole magnets Q 1

and Q2 and momentum reconstituted by dipole
magnet D2. The target image was 16.25 m down-
stream, essentially at the downstream end of the ex-
perimental apparatus. The deflection produced by
the dipole magnet also served to shield the beam line
from the primary interaction region. To reduce the
halo from the beam, poured lead collimators were
located in the focusing magnets, in the dipole D2,
and in the 1.5-m space following the last magnet.

A 1.75-m-long concrete collimator, hollowed out
in the shape of a cone, followel the last magnet.
The upstream half-meter of the collimator was
packed with paraffin for neutron absorption around
an opening 3 in. high and 4 in. wide. The beam then
traveled through the collimator and through the ex-
perimental apparatus in a helium-filled bag to mini-
mize scattering, into a lead and uranium beam stop.
The beam stop was surrounded by blocks of paraffin
and boron designed to slow down and absorb the
neutrons.

For a typical primary beam intensity of 4.3 &(10'
protons per pulse on target, the secondary beam con-
tained 3.6&(10 K mesons, 4.3X10 pions, and
2.1 X 10 protons at 4.0+0.4 GeV/c.

C. Decay zone and hodoscope

D. Toroid

The toroidal magnet was designed to focus posi-
tive muons into the polarimeter while degrading
their energy. This dual function was achieved by an
annular core which increased in thickness with the
distance from the beam axis, and a complementary
annulus of unmagnetized steel which equalized the
amount of material traversed by muons at different
distances from the beam axis (Fig. 5).

The magnet core and the complementary plug
were constructed of 18-cm-thick machined lamina-
tions of 1010 steel. The magnet was wound with
704 turns of No. 12 wire at a constant pitch, with
half of the turns wound clockwise and half counter-
clockwise, in order not to introduce an axial com-
ponent to the magnetic field which would have in-

troduced a screw sense to the focusing action of the
toriod. A current of 13 A flowing in the wire pro-
duced a saturated magnetic field of 1.5 T in the
core, which had an inner radius of 18 cm and an
outer radius of 61 cm. The thickness of the toroidal
assembly along the beam axis was 71 cm, presenting
560 g/cm2 of iron along the muon path to degrade
the muon energy by 830 MeV on the average. This
inass also served to shield the polarimeter from
backgrounds associated with the beam. The mean
multiple scattering angle in the toroid was 8.5'.

A 5-in decay zone began at the upstream end of
the concrete cone collimator, 7.63 m downstream
from the target. A ring of 8 counters (V), with an
inner radius of 9.1 cm and outer radius of 31.2 cm,
located at 10.1 m downstream from the target, di-

vided the decay zone approximately into two halves.
At the downstream end of the decay zone there were
two concentric ring-shaped arrays of scintillation
counters: the 16-counter A array (inner radius 33.7
cm, outer radius 57.4 cm) and the 8-counter B array
(inner radius 18.6 cm, outer radius 36.6 cm, overlap-

ping the A ring). The A counters were paired into
eight logical counters for most of the analysis. The
response of the V counters was used to provide in-
formation concerning the decay position; the A and
B counters differentiated between decays generating
large and small muon transverse momenta. Thus we
were able to classify the events into four categories:
A V, BV, AV, and BV where the different categories
contained events with somewhat different decay
kinematics.

The fourth hodoscope ring M was located behind
the toroidal focusing magnet. This counter array
had an inner radius of 19.5 cm and an outer radius
of 52 cm, was segmented into 8 counters, and was
used in further defining the muon trajectories.

E. Polarimeter

The polarimeter consisted of 32 elements (cells)
arranged azimuthally around the beam line. Each
cell consisted of an aluminum wedge surrounded by
four scintillation counters (Fig. 6). Counter I'
covered the upstream face of the wedge and signaled
the entrance of a muon into the cell while counter I
on the opposite face vetoed the event in case the

71 cm

BER

FIG. 5. A sectioned view of the tomidal magnet.
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FIG. 6. A polarimeter cell.

muon left the cell passing through this counter. The
other two counters (G) which covered the two faces
of the cell along the radial separations from the
neighboring cells served to intercept the decay posi-
trons emitted about the perpendicular to the produc-
tion plane. Each of the flanking G counters consist-
ed of a sandwich of two 3.2-mm-thick counters
operated in coincidence to reduce background. The
wedges were cast and machined from No. 356 No-
Heat Aluminum, measured 91.5 cm along the beam
direction, 30.5 cm radially, and covered an azimuth
sector of 11.25'.

The polarimeter presented 250 g/cm of alumi-
num to muons parallel to the beam line. Given the
energy needed to pass through the toroid magnet,
muons in the energy range between 830 and 1430
MeV stopped in the polarimeter.

To precess the spin of the muons, an axial mag-
netic field of 55 6 was applied to the polarimeter.
This field was directed either parallel or antiparallel
to the beam line so that the muon spin precessed
about this axis. The field was generated by a
solenoidal coil with a diameter of 1.25 m wound on
a plastic shell surrounding the polarimeter assembly.
The coil consisted of 482 turns of 3.2 mm)&3. 2 mm
copper wire wound in two layers of opposite pitch.
Except for circular openings 36 cm in diameter for
the entrance and exit of the beam, the entire assem-
bly was surrounded by a shell of SAE 1010 steel,
formed by two 12.7-mm-thick end plates connected
by a 6.4-mm-thick cylinder. The shell served to re-
turn the solenoid magnetic flux enhancing the field
uniformity. It also acted as a magnetic shield, on
one hand shielding the polarimeter from stray mag-
netic fields (especially the Earth's field) measured to
be 525 mG, and protecting the counter phototubes
from stray fields due to the solenoid. With a

current of 10 A in the solenoid coil, the axial field
was measured to be 55 G and was found to be uni-
form over the active polarimeter volume to 1%.

To achieve the cancellation of the transverse po-
larization component in the plane of production P,
the field direction was reversed between beam
pulses, once every 2.5 s. The relaxation time con-
stant of the solenoid was 0.08 s guaranteeing the ab-
sence of transient fields during the 1-s beam spill.
The axial field was measured to have the same mag-
nitude in both directions within an uncertainty of
+30 mG. The current was supplied by a constant-
current power supply and was switched each pulse
by a relay. The use of any current-sensing devices
on the coil side of the relay was avoided in order to
prevent introducing an asymmetry between the posi-
tive and negative current directions.

The stray magnetic field from the polarimeter af-
fected the gain of the phototubes. As the magnetic
field was switched for each pulse, the efficiency of
the lead-glass trigger and the event rate changed.
To counteract this effect, the entire lead-glass array
was magnetically shielded with 1.27-mm steel plates.
This reduced but did not eliminate the effect, and
caused an incomplete cancellation of the sinusoidal
wave in the cosine fit. Since the sine and cosine are
orthogonal functions and the phase of the cosine is
fixed this does not affect the fitted amplitude of the
cosine wave.

E. Photon detection

The photons from n. decays were detected in a
lead-glass calorimeter. This detector consisted of 48
lead-glass blocks arranged as shown in Fig. 7. The
center hole was designed to allow the charged beam,
which was focused at the lead-glass array, to pass
through. The blocks of Schott SF5 glass were 25.4
cm (about 10 radiation lengths) long, and measured
57.2 mm&57. 2 mm in cross section. They were
viewed by RCA 8575 photomultiplier tubes attached
to their downstream end. Scintillation counters
placed in front of the photon detector served as a
veto for charged particles in the E&3 trigger and as a
trigger for the muons used for calibration.

Each phototube base sent out two signals: one to
an active analog adder (LeCroy 127FL), and one to a
discriminator followed by a latch. The output of the
adder was passed to a discriminator set to reject
events such that the total energy deposited in the
calorimeter was smaller than 1.2 GeV. In this way,
only photons were accepted which could have orig-
inated from a pion moving forwards in the IC+ rest
frame. It was necessary to add the signals from a11

lead-glass blocks as the electromagnetic shower



1062 S. R. BLATT et al.

40 cm
(I5.75 in/

5.7I cm
(2.25 in&

J

5.7I
(2.25 in.)

45.72 cm
(l8 ig

62cm (3 in)

FIG. 7. A diagram of the lead-glass array.

III. DATA COLLECTION AND PROCESSING

The data collection and processing system was
designed to facilitate the continual monitoring of the
quality of the data being collected and to allow the
analysis to proceed on line. As a consequence of

often extended over several blocks. The discrimina-
tor of each counter was set at a level above the ener-

gy deposited by the passage of a muon through the
glass. The latched information on the lead-glass-
array hit pattern was examined by the on-line
analysis program and any event such that noncon-
tiguous elements were hit, was discarded. The lead
glass was calibrated in a test beam of electrons
which are almost identical to photons in shower
development. The energy resolution was determined
to be 15%I~E, where E is measured in GeV.
Muons passed completely through the lead glass
depositing energy by Cherenkov radiation, which,
for the energy range we are interested in, is indepen-
dent of energy. It was found that a signal from a
muon passing straight through the lead glass corre-
sponded to an electron of energy 340 MeV. During
the running of the experiment the lead glass was
calibrated in situ every few days by using the scintil-
lation counters in front of the lead glass as a trigger
for muons and measuring the pulse height of the
signals. The amplitude of this signal was adjusted
by varying the voltage applied to the base of the
phototube.

these data-handling procedures, almost-complete
analyses leading to definitive experimental con-
clusions were available continually throughout the
experiment. Within 10 minutes of the finish of data
taking, results hardly inferior to the conclusions
presented in this final paper were available. The
unusually thorough continuous monitoring provided
information to the experimenters about the quality
of the beam and the integrity of the apparatus.

The fast trigger, generated in the first stage of
data collection, consisted of a coincidence between a
muon tracked through the hodoscope and a photon
detected in the lead-glass array. The muon trigger
was divided into four types: (A M F), (B.M F),
(V.A M F), and (V B.M F). The element of the V
array, if present, was required to be in line with the
element of the A or B array. Some multiple scatter-
ing in the toroid was allowed; the element of the M
array could involve one counter to either side of the
element in the 3 or 8 array. The photon trigger was
generated by adding the signals from the 48 individ-
ual lead-glass elements and demanding that this sig-
nal correspond to a deposited energy greater than
1.2 GeV.

Certain conditions inhibited the trigger: if more
than one A or B counter were hit or if any of the
guard counters used to detect muons from the pri-
mary beam dump were hit, the trigger would be
vetoed. Signals from the guard counters in front of
the lead-glass array were also used as a veto. About
50 nsec were needed to generate a complete trigger
signal. The coincidence timing was however 4 nsec,
to prevent triggering on charged particles.

The second stage of data processing employed a
FASTBUS (Ref. 13) data-handling system. Our
FASTBUS system, largely designed and constructed
by us, is intended as a prototype of a standard sys-
tem to be considered as a replacement for CAMAC.
Our system handles information at a rate of about
10 bits per second. A coincidence between the
trigger signal and the signals from the hodoscope
counters, delayed in coaxial cable to match the time
required to complete the trigger logic, was formed to
set FASTBUS latches which recorded in-time
counter hits. The FASTBUS processor was also
triggered initiating the second stage of data process-
ing.

In this second stage, the processor read the latches
containing the status of all 192 counters. The ad-
dress of any counter hit in coincidence with the
trigger was written to a FASTBUS module of FIFO
(first in first out) buffer memory of 4096 16-bit
words with a cycle time of 100 ns. This buffer
memory was read asynchronously by the host com-
puter in the course of the analysis of events.

A number of aborts could terminate the event
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processing during the second stage of data process-
ing. A very tight (4 ns) coincidence between the M
hodoscope and the lead-glass array was queried. If
the result was false the event was aborted. The pro-
cessor rejected any events in which there was more,
or less, than one F counter hit. The pattern of F's
and G's was used by a FASTBUS cell-finder logic
element to determine which aluminum wedge in the
polarimeter contained the stopped muon. If there
was no unambiguous choice, the event was aborted.
Possible aborts disposed of, the processor then
queried the FASTBUS clocks (described below) for
the time that the positron from muon decay was
detected, and this information was sent to the
memory followed by a word indicating the end of
event.

The FASTBUS clocks consisted of 32 TDC
(time-to-digital conversion) channels, one for each G
counter, of 10-MHz scalers which counted up to 6.4
ps. All channels started counting the 100-ns "ticks"
of the clock upon the receipt of a common trigger.
A specific channel was stopped when it received a
signal at the corresponding clock stop input. A sig-
nal present at the veto input would cause all chan-
nels to ignore a signal at any stop input. This sig-
nal, generated by anticoincidence counters, prevent-
ed the FASTBUS clocks from responding to most
spurious counts not originating from muon decay
but generated by background particles passing into
and through the polarimeter counters.

The signal at the trigger input, which was taken
directly from the trigger board, was used to start the
clocks at the time the muon entered the polarimeter.
The signal from each appropriate G counter was put
into the stop input of the respective clock. Signals
from the G counters were also used in an adding cir-
cuit which gave an output signal when three or more
inputs were asserted at the same time. The logical
OR of this signal and the counters surrounding the
polarimeter, the F's and the P's, was used at the
veto input. The total logic was such as to erect a
box of counters around each G counter which acted
in anticoincidence with the G counter to nullify any
false recording of a particle passing into the box as a
muon decay. During the readout of an event, the
processor calculated the address of the two G's sur-
rounding the wedge containing the stopped muon.
The time of the stop for that particular channel was
read from the TDC where the times were coded as
numbers running from 0 to 63 where each count
represented 100 nsec. A time of 64 indicated that
no stop signal was received within 6.4 ps of the
trigger for that particular channel.

The muon could undergo large angular deflections
through multiple scattering in traversing the toroid
and polarimeter before coming to rest. The polarim-

eter wedge in which the muon came to rest then
might not lie directly behind the F counter through
which the muon entered the polarimeter. A logical
element called the cell finder was used to track the
muon through the polarimeter and identify the
wedge containing the stopped muon. For each F
counter there were five possible wedges allowed for
the muon to come to rest, two to either side of the F
counter and one directly behind it. The distribution
of stops, measured and monitored continuously, was
in accord with estimates of the multiple scattering
of the muons.

A cell, defined as an Ii counter and the two G
counters on either side of the aluminum wedge
behind the F counter, is considered to contain a
stopped muon when one and only one of these three
counters is hit. An additional constraint is then ap-
plied that the I counter behind the wedge must not
be hit; i.e., the particle must enter, and not leave, the
cell. During the processing of the event the three
32-bit words from the latches for the F, G, and I
counters were written into the cell finder. The cell
finder contained the logical truth tables in field-
programmable-logic arrays (FPLA's) and the I-
counter masking was done with discrete AND gates.
50 ns after the last word was written into the cell
finder a 32-bit word containing a bit set for each cell
containing a muon was available in the output regis-
ter. If the processor received an abort signal from
external hardware, or if it detected an error in the
data, the event was aborted. The host computer
could at any time read data out of the memory pro-
vided at least one complete event was stored.

IV. DATA ANALYSIS

The data collected in the course of the experiment
amounted to 20.8X10 ECz& complete events such
that the muon decay was detected. This sample was
collected during 1500 h of accelerator running time.
With an incident proton beam of 4.3 X 10'0 protons
per second the calculated E-meson flux was
3.6X10 per second, of which 5.8X10 E mesons
decayed per second in the 5-m decay space. Typi-
cally, the accelerator repetition rate was a beam
pulse every 3 sec; the nominal beam-spill period was
1 sec, though time structure of the beam reduced the
effective spill time, for our experiment, to an appre-
ciably smaller effective time.

Of the 18500 E&3 decays occurring per pulse on
the average, about 36 satisfied the various trigger re-

1

quirements and produced a muon decay. In —, of
the muon decays we could detect the positron and
thus determine the direction of polarization of the
muon. Over the course of the experiment we thus
averaged 12 such good events per pulse. The event
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rate was limited by accidental backgrounds rates
which, in turn, depended strongly on the time struc-

ture of the beam. This structure, which was moni-
tored continuously, varied with the operation of the
accelerator. Under the most favorable accelerator
running conditions we recorded more than 20 events
per pulse.

The information from each event which satisfied
all of the software requirements was written on
magnetic tape which could later be analyzed in de-
tail. A summary of the event, containing only infor-
mation about the event type and the time and direc-
tion of the muon decay, was written onto a data file
on a disk. The contents of this file could be
analyzed at any time during the experiment, even
while new data were being collected, to determine
current polarization asymmetries for each class. of
events and for the sum of all classes. The informa-
tion taken from this analysis was used to monitor
the sensitivity of the apparatus and measure the
amount of background. The result of the experi-
ment was thus essentially known at any time for all
data collected up to that time. The availability of
the experimental results, in addition to information
about the quality of the data being collected as de-
rived from monitors of the detector performance
and beam quality, provided the experimenters with
the ability to quickly identify and correct malfunc-
tions.

Data collected on tape was used for a variety of
detailed studies: for example, a comparison of re-
sults obtained during beam pulses of high and low
intensity was used to assess the background and
evaluate the analyzing power of the polarimeter.

dX/dt =Ae ' '+B,
where A and B are constants.

The data were fit to the above formula using the
FUMILI least-squares fitting program with the re-
sults

A =(6.616+0.004) X 10',

r=(2. 1803+0.003)X 10

B =(1.232+0.002) ~10

The lifetime given by this fit is 2.5 standard devi-
ations smaller than the accepted value of
2.197 12)& 10 s. Although this does not affect the
asymmetry measurement, it is interesting to know
the source of the disagreement: When we consider
that the clocks stop on the first signal received, the
exponential decay is changed to

dN/dr=A(~ 'i'+B)

where A, =256 is calculated from the unvetoed ac-
cidental rate in the 6 counters. Using this we arrive
at a muon lifetime of 2.198+0.003 ps which is in ex-
cellent agreement with the accepted value.

Using a least-squares fit to the total data sample
collected during the experiment, we find that the
clock stops consisted of 75% p+ decays and 25%
background. These random background counts were
a major limiting factor in the rate of data collection
and are discussed in detail in the next section.

The measured asymmetry of the positrons from
muon decay,

B. Muon decay and muon asymmetry

To measure the polarization of muons stopped in
a wedge of the polarimeter we detected the positrons
from their decay in G counters placed between the
aluminum wedges. The signals from these counters
were used to stop clocks associated with each wedge.
These clocks were started by the trigger circuitry, as
described previously, and counted up to 6.4 ps (in
O. l-ps increments) while waiting for a decay. The
clocks would also be stopped by interactions of neu-
tral particles from various background sources, and
by accidental charged particles. Although a clock
veto was constructed using the counter box which
surrounded each wedge, not all background particles
could be intercepted with a 100% efficiency. Con-
sidering both valid muon clock stops and the ran-
dom background, the time distribution of clock
stops can be written as an exponential plus back-
ground:

3 =(U+D) l(U D), —

was used to determine the transverse and normal
components of the muon polarization. The cylindri-
cal symmetry of the detector allowed us to combine
the data from all 32 polarimeter sections. We define
U as the intensity of positrons detected by the
counter flanking the wedge on the clockwise side,
looking downstream, and B is the corresponding
quantity on the counterclockwise side. The + and
—subscripts indicate the direction of the axial field
in the polarimeter and thus the direction of muon
spin precession, with + indicating the field directed
upstream, and the spin of the p+ precessing clock-
wise about the beam axis.

Combining the intensity distribution with the
background parametrization, we obtain

U+(t) =e '~ [N+[1+acos(+cot+Pe)]e '~'+BI,
D+(t)=e '~ [N+[1+acos(+cot +PD)]e '~'+B},
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where PUD is the initial azimuthal angle of the
muon spin about the field direction, as measured
from the normal to the central plane of the polarim-
eter wedge (the decay plane), and co=g&eB/2mc is
the precession frequency [Fig. 3(a)]. The T
conserving transverse polarization lies initially in the
decay plane so that PUti-+n/2 .(+ for the D, —
for the U counter). The T-conserving asymmetry is
then

(U+ D+ )——(U D)—
A, (t)= U++D++ U +D

= [A,(0}/C (t)]ain't,
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where

C (t) = 1+(B/N+ )e' ' .

For the T-violating, normal component of polari-
zation, /=0 for the U counter and m for the D
counter, and the T-violating asymmetry is

( U+ D~ )+(U— D}—
A„(t)=

U++D++ U +D

= [A„(0)/C(t)]coscot
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with C as above and A„(0)= rtI'„. Note that
t =t,+ to, where to is the instrumental delay.

The measured asymmetries 3, and A„as a func-
tion of time are shown in Fig. 8. The T-conserving
asymmetry A, clearly exhibits a sinusoidal form,
with the amplitude decreasing with time due to the
background dilution, as expressed in the factor C (t).
From a least-squares fit to the entire event sample,
we obtain co/2m=745 kHz .and to ——0.018 ps, con-
sistent with measurements made on the solenoidal
field and clock electronics, respectively.

For the total event sample of 20.8X10 events,
the fitted values for the asymmetry amplitudes are

A, (0)=0.0753+0.0018

and

A„(0}=—0.000 34+0.000 58,

A„being consistent with zero and therefore with
time-reversal invariance.

C. Backgrounds

The two major backgrounds in this experiment
acted only to dilute the data, and did not introduce a
spurious asymmetry. The first background consist-
ed of triggers which did not originate from E&3 de-

cay. The second was false clock stops, i.e., particles
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I
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FIG. 8. Asymmetry data (2.1)& 10 p+ decays) (a) fit to
the CP-allowed polarization component, and (b) fit to the
CP-violating polarization component.

detected in the polarimeter after a trigger which
were not positrons from muon decay.

The trigger circuitry was designed to accept
events such that there was a coincidence between a
particle identified as a muon, by the penetration
through the steel toroid, and a high-energy y ray
converting in the Pb-glass counters. With the addi-
tion of kinematic constraints defined by the posi-
tions of the counters, the trigger served to accept
Ep 3 decays and reject other events. The resolution
time of the trigger, determined by the requirement
of a tight timing coincidence between the Pb-glass
counter and the smallest scintillation counter to pass
the muon, was 4 ns. By requiring this coincidence
between a muon following a well-defined track and
a photon depositing more than 1.2 GeV into the
lead-glass calorimeter most random triggers were
suppressed. The FASTBUS electronics checked
subsequently that the muon had not left the polar-
imeter by passing through an I counter. Charged
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particles incident on the lead-glass array were vetoed
at the trigger stage by a set of scintillation counters
covering the front face of the array. In addition, the
software cuts included an examination of the hit
pattern in the lead glass to ensure that the energy
deposited was due to only one electromagnetic
shower. The required energy threshold of 1.2 GeV
discriminated strongly against straight-through
charged particles which may have leaked through
the anticoincidence counters,

The other major E+ decay modes are E+~p+v&
(63.5% branching ratio), m+n(21..2%), n+nn. .
(1.73%), n+n+n. (5.6%.), m e+v, (4.8%), and

p+v&y (0.53%). These could not mimic a E&+q decay
in our apparatus, but a coincidence of a muon from

E&2 and of a photon from one of the ~ decay modes
could. Although the branching ratio for the radia-

1

tive decay E+~p+v„y is —, that for Ep3 the pho-
ton produced in E+~p+v„y has generally too low
an energy to trigger a latch hit.

A majority of the spurious triggers were generated
by accidental coincidences between muons stopping
in the polarimeter, which did not originate from E&3
decay, with a photon also generated through another
process. Such muons were generated largely
through E&2 decays and through the decays of
pions, produced in various ways with moderately
high momentum transfer, to muons while the pions
were traversing the drift space. Muons from E„z
decay will generate a transverse polarization but no
CP-violating component while the muons from pion
decay would have no appreciable polarization per-
pendicular to the beam axis. The effect of an accep-
tance of these background muons was to dilute the
data, i.e., the magnitude of the CP-conserving polar-
ization would be reduced.

In a special test, we removed the requirement for
a lead-glass response from the trigger logic, and
determined that the trigger muon acceptance rate
was 18000 per pulse. We also measured that the
rate for neutral particles entering the lead glass was
80000 per pulse. The expected chance coincidence
rate of the tight timing logic for these two rates was
5.7 events per pulse. Since we only detected the pos-
itron from muon decay in —, of the events, this
leaves us with 1.9 background events per pulse. The
number of events due to false triggers was thus less
than 16%. These false events involve muons which
are mostly longitudinally polarized, and so act only
to decrease the effective sensitivity of the polarime-
ter and do not cause a false T-violating signal.

Accidental counts in the polarimeter counters,
mimicking a muon decay, led to a second major
background problem. The 6 counters, placed in the
slots between the wedges, were used to detect the
positron from the muon decay. A pair of counters

was placed in each slot and a coincidence of the two
counters was required for a logical 6-counter signal.
The coincidence rate for one such set of 6 counters,
under normal running conditions, was about 50000
per pulse. Charged particles entering the polarime-
ter accounted for 67% of these, and were removed

by employing the veto counters. Each of the polar-
imeter wedges, and then each 6 counter, was sur-
rounded by guard counters which were used to veto
apparent muon decays (clock stops) which were ac-
tually due to particles entering the polarimeter.

Those background counts in the G counters which
could not be removed by the anticoincidence logic
could be divided, phenomenologically, into two
categories. Part of this flux was related directly to
the beam spill, and was believed to be due mostly to
low-energy photons scattering in the polarimeter to-
gether with effects of low-energy neutrons, of the
order of a few MeV, produced through nuclear
evaporation processes by primary proton interac-
tions in the target and by secondary beam interac-
tions in the beam dump. Shielding between the
toroid and polarimeter reduced this background to
some extent. A second part of this background ap-
peared to come from sources which were not closely
correlated in time with the beam. Thermal neutrons
absorbed in the aluminum wedge material produced
such backgrounds through the capture y rays gen-
erated in the course of the neutron absorption by the
neutrons and through the subsequent radioactive de-
cay of the Al. The Al decay, with a half-life of
2.3 min, was identified through measurements of the
time structure of the backgrounds in the G counters
and shown to contribute about 4%%uo to that back-
ground. Including the prompt photons from the ab-
sorption of neutrons by Al, we find that about
15% of these backgrounds were caused by the cap-
ture in aluminum of thermal and epithermal neut-
rons. We reduced this category of background
somewhat by placing paraffin and boron in front of
the polarimeter to absorb the thermal neutrons, and
slow down and absorb epithermal and evaporation
neutrons, but there was not enough space near the
apparatus to place enough such material to reduce
this kind of background substantially.

D. Systematic sources of error

A spurious T-violating effect could be produced
in our apparatus only by an asymmetry defining a
net screw sense in the detection of muon decays with
respect to the laboratory kaon decay plane. We
carefully constructed and mounted the apparatus to
avoid such asymmetries, and thus reduced the sys-
tematic uncertainties to much less than the statisti-
cal uncertainties of the experiment.

The rotation of the transverse polarization P, out
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of the decay plane, thus generating a component
which would mimic a CP-violating polarization P„,
could result from a screw sense produced by
misalignments in the apparatus. The apparatus was
constructed such that the angular alignment of the
various arrays was accurate to better than 2 mrad.
Such a systematic shift would induce a false com-
ponent of less than 2X10 P, which is appreciably
smaller than the statistical uncertainties in the ex-
periment. A Monte Carlo analysis of the effects of
misalignments of individual elements in an array in-
dicated that errors which might follow from such
aberrations would be an order of magnitude smaller.

The reversing inagnetic field used in the polarime-
ter avoided systematic errors due to possible asym-
metries in the detection efficiency of the polarime-
ter. The axial field for the two polarities was re-
quired to be equal to avoid any screw sense generat-
ed by the direction of the current in the solenoid,
and to avoid contamination of the CP-violating po-
larization (which varied as coscot) by a term
P,cos(cot)sin(Eclat), with bc@ the difference in the
precession frequencies for the two directions. We
measured the solenoidal fields in the slots in the po-
larimeter in which the counters were placed and
determined that

Ace/co & 5 X 10

so that the contribution to P„was less than 0.001.
Leakage of the axial solenoid field outside of the

solenoid affected the efficiency of the lead-glass
counters. The change in sign of this leakage field,
which was measured to be about 0.3 G, resulted in a
change in the gain of the counters and an asym-
metry of about 3% in the number of events obtained
in the two polarities. Since this type of asymmetry
does not generate a screw sense and does not affect
the accuracy of the measurements, no great effort
was made to reduce the effect.

Other possible screw-sense asymmetries could be
generated by the simultaneous linear displacements
of two different arrays. For instance, if the A or B
hodoscopes were displaced upward, causing (for in-
stance) a 1% up-down asymmetry in the trigger, and
if the polarimeter similarly displayed a 1% asym-
metry in the horizontal direction, a maximum
screw-sense asymmetry of the order of 0.0001 could
be generated. We monitored such asymmetries and
the position of the arrays throughout the experiment
to ensure that the contribution of such screw-sense
asymmetries was negligible.

A„/A, =—(4.2+6.2) X 10

which is the complex phase difference (modulo m)

between the muon amplitude with positive helicity
and the amplitude with negative helicity. In the ab-
sence of time-reversal violation this phase must be 0
(or n.) and hence the error of the above null result is
an excellent measure of the sensitivity of the experi-
ment.

We can sharpen the constraint somewhat consid-
ering that the results can be combined with those of
our previous measurements' of P„ from the Ezi de-
cays of EI mesons where we found

Imp = —0.004+0.030 .

The experiments are quite similar, the same polar-
imeter was used in both, and since the uncertainties
are almost wholly statistical, it is permissible to
combine the results of the two measurements to
derive a value of

and

Imp= —0.010+0.019

in various descriptions of CP violation. The T
violating normal polarization component P„ is relat-
ed to A„by A„=gP„, where g is the analyzing
power of the polarimeter. We determined i) by com-
paring the calculated transverse polarization P, with
the measured corresponding asymmetry A, using a
small portion of the complete data set consisting
only of events collected when the beam intensity was
quite low. Since the background from accidental
coincidences increases as the square of the beam in-
tensity, this data has a relatively small background
contamination. From measurements of the asym-
metries found in this low-intensity sample, an
analyzing power iI of (11+1)% was determined.
Using this value for the analyzing power, we ob-
tained a value for the T-violating polarization com-
ponent P„=—0.0031+0.0053 for the whole of the
data.

In terms of g, the conventional ratio of hadronic
form factors used in E&s-decay phenomenology, '

this result corresponds to

Imp= —0.016+00.025 .

The result can also be quoted independently of the
value of i) and thus free of any uncertainty in it if
we consider the ratio of the two measured asym-
metries,

V. RESULTS AND CONCLUSIONS

The measured asymmetries A, and A„can be re-
lated in several ways to the physical parameters used

P„=(—1.85+3.60)y 10

In the framework of gauge theories a null result
for the T-violating muon polarization in EC&i decay
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P„= " = —4.63 X 10
(mpmx) v2 3 v2

8mo v3 V
2

where the value of mo (the Higgs-boson bare mass)
is calculated to be 2 GeV/c and the factor v2 /v3
is a ratio, expected to be of the order of 1, of the
squares of unknown complex numbers v~ which de-
pend on the gauge-transformation properties of the
Higgs doublets. Setting that parameter to 1, the pre-
dictions are just within our experimental limits.

A similar calculation has been conducted by
Cheng, ' using penguin-diagram contributions as
calculated by Deshpande' and, independently, by

is consistent with the Kobayashi-Maskawa model of
CP violation'o in which CP violation is due to a free
complex phase in the quark amplitudes. Although a
null result can be achieved in a class of models based
on SU(2) XU(1) gauge theories which ascribe the CP
violation to spontaneous symmetry breaking in the
Higgs sector if the scalar particles are very massive
(-TeV), ' T-odd correlations of leptons of finite
magnitude are predicted by 'Weinberg-type models
with lighter Higgs particles as well. Zhitnitskii'
calculates P„ for the kinematic region where the mo-
menta of the muon and of the neutrino are at 90' to
each other such that

Sanda. ' These calculations, which account for the
experimental value of the e'/e ratio, give for the
range of mo values from 11 to 19 GeV/c, a smaller
value of Imp,

—6.8X10 r &Imp& —2.0X10 r,
where r =v2 /v3 is again the ratio of the Higgs-
field vacuum expectation values. This is to be com-
pared with our result of Imp= —0.010+0.019 for
the combined E+ and E data.

The measurements thus constrain the magnitude
of T-invariance violation in E&3 decays, and there-
fore the extent to which CP violation may exist out-
side the E -E system. The result precludes an
unexpectedly large contribution from the Higgs sec-
tor, yet it does not invalidate "superweak" descrip-
tions of the CP-invariance violation.
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