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ABSTRACT

The transverse muon polarization inK+!�0�+�� is a measure of T-violation
and a good probe of CP-violation from physics beyond the standard model.
The KEK E246 experiment is searching for the transverse polarization us-
ing a new technique with stopped kaons in conjunction with a Supercon-
ducting Toroidal Spectrometer. With such a high performance detector a
measurement with low backgrounds and small systematic errors can be re-
alized. Data taking began in 1996 and analysis has now been completed
for the data obtained until the end of 1997. There is no sign of T-violation
found within the experimental errors. The sources of systematic errors have
been carefully studied with the conclusion that the total systematic error is
far below the current statistical error.



1 Transverse Muon Polarization inK+
!�0�+��

K+!�0�+�� decay (K�3) provides a unique possiblity to test the violation of time re-

versal invariance (T-violation) in kaon decay through the transverse muon polarization

(PT ), which is the polarization component normal to the decay plane.PT is expressed

in terms of a triple vector correlation of the muon spin~�� and the momentum vectors

~p�, ~p�, of the pion and muon as

PT =
~�� � (~p� � ~p�)

j~p� � ~p�j
(1)

which is T-odd; thus non-vanishingPT would be a clear sign of T-violation.2 The spu-

rious effect from final state interactions is known to be as small as10�6 in this charged

kaon decay case3 because there is only one charged particle in the final state. Under

the assumption of CPT-invariance, the search for T-violation can address the origin of

CP-violation. Since the contribution from the Standard Model is only from higher or-

ders which are negligibly small� O(10�6), PT can be a sensitive probe of additional

non-Standard Model sources of CP-violation. Various theoretical models, such as the

multi-Higgs model and the leptoquark model can produce a sizable effect inPT at the

level of 10�3, which is experimentally detectable, without conflicting with the present

constraints from other experimental channels.4,5 More recently, a class of supersym-

metric models6,7 such as theR-parity violation model have also been examined and

shown to have a potentially large contribution toPT . From these theoretical points of

view, aPT search with a sensitivity of10�3 is of great interest.

TheK�3 process is described in theV -A scheme in terms of a decay amplitude with

two form factorsf+(q2) andf�(q2) as;

M / GF

2
sin �C [f

+(q2)(~p�
K
+ ~p�

�
) + f�(q2)(~p�

K
� ~p�

�
)] � [�u�
�(1� 
5)u�] (2)

with four momenta~pK and ~p� of the kaon and pion, respectively. A complex phase

betweenf+(q2) andf�(q2) induces T-violation. Using the definition,� � f�=f+, PT
can be written as

PT = Im� � m�

mK

� j ~p�j
E� + j ~p�j ~n� � ~n� �m2

�
=mK

: (3)

Thus,Im� is the measure of T-violation inK�3 decay independent of decay kinemat-

ics. In the three Higgs doublet model with natural flavor conservation4,5,8 for example,

the decay can proceed via charged Higgs exchange, contributing mainly tof�, and a



sizable effect onPT appears due to the interference with the normalW exchange term.

Im� can be expressed as

Im� = Im(�1�
�

1) �
v22
v23
� m

2
K+

m2
H+

; (4)

where�i; �i are the coupling coefficients of the interaction in the mass eigenstate of

the Higgs boson with down-type quarks and up-type quarks, respectively, andv2=v3

is the ratio of the Higgs field vacuum expectation values.PT thus contrains the two

parametersIm(�1�
�

1 ) andv2=v3. The former parameter is solely constrained by non-

leptonic processes such as the neutron electric dipole moment9 andb ! s
,10 but Im�

can constrain it more stringently for the largev2=v3 region which might be relevant in

a senario4 where thevi’s are proportional to the fermion masses to which they couple,

i.e., with v2=v3 / mt=m� � 100. The semileptonicB ! ���X decay can provide

similar constraints to the parameters as doesIm�.10

A search for T-violation inK�3 decay has been attempted before in both ofK+

andK0
L

decays. The most recent data forK+ come from a BNL-AGS experiment

more than 15 years ago,11 giving a limit of PT (lab) = (�0:31 � 0:53) � 10�2 and

Im� = �0:016� 0:025. ThisK+ experiment used an in-flight decay method detecting

a photon from the pion decaying in the direction of the beam. A similarK0
L

experiment

also done at BNL-AGS decay gave a similar limit,PT (lab) = (0:21�0:48)�10�2 and

Im� = 0:009� 0:030.12 However, in the case ofK0
L

decay one suffers from large final

state interaction effects of nearly10�2. Therefore,K+ decay is uniquely suited for a

high precision experiment at the present time.

2 KEK E246 Experiment

2.1 Stopped beam method and setup

In a PT search experiment, it is necessary to detect a tinyPT component in the pres-

ence of the large T-conserving in-plane polarization components,PL andPN , which

are parallel and perpendicular to the muon momentum vector, respectively. In order

to overcome this difficulty, the KEK E246 experiment adopted a stoppedK+ method

in conjunction with a Superconducting Toroidal Spectrometer. Using these two ba-

sic strategies we are aiming not only for an improvement of the statistical accuracy

compared to the previous limit, but also at a measurement with a substantial reduction

of the many systematic errors to the10�3 level for �PT . The advantages of using a



stopped kaon beam are manifold, but the most important is the near total coverage of

K�3 decay kinematics by the detector. This enables us to carry out a measurement

of the decay phase-space region with an opposite effect inPT . Namely, we can per-

form a double-ratio measurement with enhanced sensitivity toPT , while suppressing

systematic errors drastically. Moreover, the decay phase-space includes a region with

vanishingPT , providing us with the opportunity for a null-effect check. In addition, the

small influence of a finite beam emittance, low backgrounds, smaller counting rates in

each detector element, and a relatively short length of the setup are other merits of this

method compared with in-flight decay experiments.

Fig.1 shows the cross section and end view of the setup. The Superconducting

Toroidal Spectrometer has large acceptance as well as high momentum resolution for

the analysis of charged particles from the stopped kaon decay in the central region of the

magnet. This allows a high statistics measurement with efficient background rejection.

Furthermore, the magnet has precise 30-degree rotational symmetry, which is essential

in an asymmetry experiment in order to reduce a number of systematic effects. A

positive kaon beam with a momentum of 660 MeV/c was slowed down through an

Al+BeO degrader and stopped in an active target made of a bundle of scintillating

fibers at the center of the magnet. TheK�3 decay was identified by detecting both the

�0 and the�+. The pion was detected as2
 or 1
 by a calorimeter which comprises

768 CsI(Tl) crystals surrounding the target. The muon was accepted by one of the

12 magnet gaps, momentum-analyzed in a 0.9T field, and then stopped in a muon

stopper located at the exit of the magnet gap, where the polarization measurement takes

place. At the stopper, there was a field applied to hold the transverse component of the

polarization, while precessing the in-plane components.

2.2 Double-ratio experiment

PT of the stopped muon manifests itself as either a clock-wise (cw) or counter clock-

wise (ccw) asymmetry in the polarimeter, depending on the emission angle of the pion

relative to the beam axis. It is measured by means of the decay positroncw=ccw asym-

metry as;
P12

i=1Ni(cw)
P12

i=1Ni(ccw)
�= 1 + 2� < cos �T > PT : (5)

Here,� is the analyzing power including four factors: (i)– the intrinsic asymmetry of

1/3, (ii)– the attenuation due to finite counter solid angle, (iii)–the attenuation factor

of PT due to precession in the imperfect parallel field, and (iv)–the effects of positron



scattering and absorption. The factor< cos �T > is the kinematic attenuation ofPT due

to the distribution of decay planes in the finite acceptance of the detector. The magnetic

field at the stopper was carefully trimmed so as to assure symmetric distribution of the

field across the magnet median plane so that there should be no effect fromPL and

PN in total. By summing over the 12 gaps, several systematics, such as the effect of

an asymmetric kaon stopping distribution in the target and unequal detection efficiency

of positron counting, can be cancelled. In the actual measurement, we take the double

ratio of Eq.(5) for the cases of�0 going into the forward and the backward directions;

[
P12

i=1Ni(cw)=
P12

i=1Ni(ccw)]fwd

[
P12

i=1Ni(cw)=
P12

i=1Ni(ccw)]bwd
�= 1 + 4� < cos �T > PT : (6)

which provides further cancellation of systematic errors, and is only possible in a

stopped beam experiment. The sensitivity toIm� for a givenPT is large at the high

muon energy boundary on the Dalitz plane, but the decay intensity is large for the high

pion energy region with the result that the figure of merit (
p
NPT=Im�) distribution

is concentrated in the central part of the Dalitz plane. The acceptance of the detec-

tor can cover this high figure-of-merit region by selecting the appropriate spectrometer

magnetic field.

3 Detector Performance and Analysis

The main part of the E246 detector comprises�+-tracking systems, a�0 detector, and

muon polarimeters. It was designed to detect all the decay particles with high resolu-

tion and large acceptance. It was also designed to reduce the influence of accidental

background arising from pions in the beam which are several times more numerous

than the kaons.

3.1 �
+ tracking and identification

The charged particles from the kaon decay are tracked by four sets of chambers C1,C2,C3

and C4, a scintillating fiber target, and a ring counter system surrounding the target. C1

is a cylindrical drift chamber with helical cathode strip readout of the z (beam axis)-

coordinate together with anode signals for azimuthal information. The other chambers,

located at the entrance and exit of the magnet gaps, are planar MWPC’s with cathode

readout for both of x- and y-directions . The ring system15 consists of 32 ring scintilla-

tor counters with a 118 mm inner diameter, 5 mm thickness and 6 mm width, covering



Table 1. Main parameters of Target and Ring system

Target Rings

Fibre size 5 mm�5 mm�2 m Size of a ring 5T � 6W � 119mmID

Number of fibres 256 Number of rings 32

Diameter 106 mm Total length 20 cm

Fiducial length 20 cm Readout single turn WLS fiber

Information x- and y- coordinateInformation z-coordinate

the 20 cm fiducial region of the target. This provides us with additional z-coordinate

information under high rate conditions. Readout is by means of a wavelength-shifter

fiber glued into a groove cut in each ring. A high light yield of 46 photoelectrons for a

minimum ionizing particle was achieved. The active stopping target, consisting of 256

5 � 5mm2 scintillating fibers with direct individual PMT readout, serves both as one

of the tracking elements as well as a means of decay vertex determination. The kaon

stopping is identified as a signal with large energy deposit, while decay muons leave

dE of minimum ionization. Fig.2 illustrates the target and ring assembly. The main

parameters of the tracking system are summarized in Table 1.

Fig.3 shows the momentum spectrum of K-decay charged particles under a realistic

trigger condition requiring the photon detection in the CsI(Tl) detector and the decay

positron detection in the polarimeter. The resolution is dominated by multiple scatter-

ing in air and in the chambers, but is sufficient for the purpose ofK�3 selection. The

predominant background peak fromK�2 pions stopping in the muon stopper can be

readily rejected by setting a momentum threshold at 190 MeV/c. TheK�3 events are

distributed in the bump below 190 MeV/c together withKe3 positrons, which can be

rejected by using TOF information between a counter at the exit of the magnet gap and

the target fiducial counter. Otherwise, theseKe3 positrons, when scattered by the cop-

per degrader and the stopper, contribute to the background in the muon-decay positron

time spectrum as a prompt timing peak. The performance of the TOF separation is

shown in Fig.4.



3.2 CsI(Tl) �0 detector

The�0 detector14 is a barrel array of 768 CsI(Tl) crystals surrounding the target with

a solid angle of about 3/4 of4�. The barrel is segmented with�� = �� = 7:5� both

for polar and azimuthal directions except for one layer nearest to the beam axis where

�� = 15�. There are 12 rectangular holes for charged particles to enter the magnet

gaps and two holes for the beam entrance and exit (Fig.5). The main parameters of

each crystal module and the whole detector are summarized in Table 2. Because of

space problems in the central region of the magnet and the existence of a fringing

field, PIN photodiode readout was employed. Very high performance of these CsI

modules was achieved with an average light yield as high as 11,000pe=MeV with an

equivalent noise level (EVL) of 65 keV.14 This low noise level allowed us to lower the

photon detection threshold to 5 MeV. The signal from each diode is read by a peak-

sensing ADC after pulse shaping and at the same time by a pulse shape analyzer by

means of a transient digitizer.17 A timing resolution of 13 ns (FWHM) was obtained

in the relevant energy region by means of a constant fraction discriminator trigger.16

This excellent timing performance was very powerful in identifying photon clusters

and rejecting backgrounds. In spite of the large lateral shower leakage, a relatively

narrow invariant mass spectrum is observed. Fig.6 shows the spectra for�0 in the

forward or backward directions in which photons are likely to hit non-hole region, and

in the normal direction in which photons hit mostly muon holes, respectively.

The clean�0 events consisted of 2–photons in the CsI. In order to recover some of

the�0 acceptance lost due to the holes in the CsI array, we also accepted events with

only 1–photon cluster satisfying a high energy threshold ( 70 MeV ), for which most of

the�0 kinematic information was preserved.

3.3 Muon polarimeter

The structure of the muon polarimeter is shown schematically in Fig.7. Muons are

bent in the magnet gap, slowed down through a wedge-shaped copper degrader and

stopped in a muon stopper made of plates of pure Al. In order to minimize the effect

of scattering and absorption for the decay positrons, the plates are spaced to give an

effective density of 0.4 of bulk Al. The material has been studied in a muon spin

rotation measurement and it was confirmed that there is no significant depolarization

during the stopping process nor any relaxation due to solid state effects. At the stopper

a magnetic field was applied using pure-iron shim plates to conduct a fraction of the



Table 2. Main parameters of CsI(Tl)�0 detector

Structure Performance

Number of crystals 768 Readout PIN photo-diode

Segmentation �� = �� = 7:5� Light yield 11000pe=MeV

Length of crystal 25 cm ENL 65 keV

Typical size 3� 3� 6� 6 cm Time resolution 6.5 ns (�)

Inner radius 20 cm Energy resolution 3.0% at 200 MeV

Outer radius 50 cm Position resolution 1.0 cm

Total weight 1.7 ton Energy threshold 5 MeV

superconducting magnet fringing field. The shim plates were designed so as to make

a strong field on the stopper and also to accomplish symmetric distribution of the field

relative to the magnet median plane. Thus, the average field direction is parallel to the

average direction ofPT , and the spurious effects arising fromPL andPN should be

cancelled in total, although the field flux is curving between the two shim plates. Field

mapping was performed with a specially designed high-precision device with a three

dimensional Hall probe,18 and the excellent symmetry of the field was confirmed.

Decay positrons were measured by counter systems located between each pair of

adjacent muon stoppers. Each counter system consists of three layers of plastic scintil-

lators, the middle one being segmented into three parts. The alignment of the polarime-

ter elements was done with particular care. The rear and outer sides of the stoppers

were surrounded by veto counters to suppress background events from muons stop-

ping outside the stoppers and from accidental room background. A large fraction of

the background associated with the beam could be suppressed by a veto counter sys-

tem surrounding the central region of the polarimeter. Fig.8 shows the time spectrum of

positrons in good events recorded by a multi-stop TDC before and after the background

suppression. A very low level of constant background of 13% for the signal region up

to 8�sec was achieved. There is a small structure seen at the beginning of decay period

due to the spin precession of the in-plane component. TheK�3 events were extracted

by subtracting the constant background from the signal region of the time spectrum.



Table 3. Main parameters of the muon polarimeter

Stopper Counters

Material pure Al e+ detection 3 fold of plastics

Size of a plate 0:6T � 55H � 16W cm3 Size 84H � 30W cm2

Number of plates 8 Segmentation 3 middle layers

Spacing 0.8 cm Solid angle /4� 0.07

Effective� 0.43�Al Muon gate 20�sec

3.4 Analysis

GoodK�3 events were selected by setting cuts on the (a) momentum spectrum, (b)

invariant mass spectrum and photon total energy (in the case of 2
), (c) single photon

energy (in the case of 1
), (d) mass spectrum from TOF, and (e) kaon decay time

spectrum. A kinematic cut on the opening angle between the muon and the pion was

very useful for rejecting anyK�2 pions remaining from the momentum cut and their

decay-in-flight muons. Finally, the missing-mass cut was tuned to reject events from

kaon decay-in-flight. Events were analysed separately for the 2
 and 1
 cases. The

regions of analysis,�0– forward and�0–backward, were determined to bej cos ��0 j,
j cos �
 j > 0:34 both for2
 and1
 events by maximizing the figure of merit function

< cos �T � PT=Im� > �
p
N ; here��0 and�
 are the polar angles of the�0 or 1
,

respectively. The asymmetry,AT , was extracted from the ratio ofcw andccw positron

counting, andPT was calculated as

PT =
AT

� < cos �T >
: (7)

The analyzing power� was deduced to be 0.198 by measuring the asymmetry from the

in-plane polarizationPN by selecting events with the�0 going into the Cs(Tl) barrel

perpendicular to the beam axis. The kinematic attenuation factor< cos �T >was calcu-

lated in a Monte Carlo simulation taking into account the beam accidental background,

which could be estimated fromK�2 events in coincidence with accidental photons.PT

was then converted toIm� using an average sensitivity factor< PT=Im� > also esti-

mated by a Monte Carlo calculation,

Im� =
PT

< PT=Im� >
: (8)



4 Current status of E246

4.1 Statistical limit

After the detector construction from 1992 to 1995, we started data acquisition in early

1996. Using the low momentumK+ beam from the K5 beam channel at the KEK pro-

ton synchrotron with intensity of1:1 � 105=sec, we obtained aK�3 event rate of 1.0

/sec. By the summer of 1998 we have accumulated a total of 3.6 million events in the

�0–forward and�0–backward regions. We are performing two independent analyses in

the group. This should make the result more reliable because a consistency test can be

done, and it also gives us means of estimating the systematic errors associated with the

analysis. The major differences in the two analyses lie in the charged particle tracking

algorithm and in the photon clustering algorithm in the CsI(Tl) array. The near equiva-

lence of the two analyses was checked by comparing good final events in both analyses

and their correlations. However, some fraction of the good events are uncommon and

the difference of the central values is attributed to the statistical fluctuations of this part.

Both analyses have finished processing all the 1996 and 97 data.19{21 Both preliminary

results are consistent with null T-violation within the statistical error.

PT = (�2:55� 5:68)� 10�3; Im� = (�0:77� 1:86)� 10�2 (9)

for one analysis, and

PT = (�0:25� 5:72)� 10�3; Im� = (�0:01� 1:80)� 10�2 (10)

for the other. We are currently engaged in a discussion how to best combine these two

results. When the 1998 data has been analyzed, a statistical limit of�Im� = 0:011 is

expected.

4.2 Backgrounds

Although the main part of theK�2 background was rejected in the momentum spectrum

as well as by an opening-angle cut, the decay-in-flight of pions into muon remains as an

admixed background estimated to be a few % of the good events. However, the average

contribution to PT for these events should be zero and moreover, the forward/backward

cancellation is expected to work, with no significant influence to the result. The con-

tamination of other backgrondsK+ ! �+�0�0 andK+ ! �0e+� was suppressed



below 0.5% and 0.1% respectively. These backgrounds should not produce any spuri-

ous asymmetry. The contamination of kaon decay-in-flight events was also suppressed

below the 3–4% level by a cut on the missing mass and it was checked that there was

no bais induced by its admixture. The amount of accidental background in the CsI(Tl)

detector, which is due to scattered pions in the beam was estimated to be 7–9% in both

analyses and its effect was taken into account as a degradation of the kinematic attenu-

ation factor,< cos �T >, arising from the uncertainty in the decay plane determination.

4.3 Systematic errors

The systematic errors were evaluated using real experimental data as well as Monte

Carlo simulation. The most serious source is the asymmetry of the muon spin rotation

field distribution. However, this effect could be estimated to be�PT � 6� 10�4 from

the measured tilt of the field distribution in each gap and from the uncertainty of the an-

gular determination in the field mapping. The effects of a misalignment of the detector

elements could be tested by examining the distributions of the decay plane orientation

relative to the polarimeter coordinate frame. The average values of the plane tilt around

the radial axis x and the beam axis z induce mixing ofPL andPN , respectively, result-

ing in a fake effect. However, these effects were shown to be�PT � 3 � 4 � 10�4

each. The effective cancellation factor in the forward/backward ratio was evaluated

from an artificial asymmetry distribution introduced by setting asymmetric cuts on the

real data and then calculating the cancellation. The relatively large asymmetry of the

kaon stopping distribution in the target due to the beam momentum dispersion was

shown to have no first order influence on the result thanks to the cancellation mecha-

nism when summing over the 12 gaps. The total systematic error was thus estimated to

be�PT = 1:0 � 10�3, which is more than 5 times smaller than the current statistical

error. The overall systematics could be further checked in the (1) null asymmetry with

the pion integrated over all directions, (2) the gap dependence of the asymmetry, and

(3) the polar angle dependence of the asymmetry; no systematic bias nor any strange

magnet gap dependence was found.

5 Summary

A transverse muon polarization inK+!�0�+�� would be a clear sign of T-violation

and is a sensitive probe for new physics beyond the Standard Model. The three Higgs-



doublet model, the leptoquark model and some supersymmetric models can give a siz-

able effect without conflicting with other experimental constraints. The KEK E246

experiment, using a stopped kaon beam, is aiming for an eventual statistical sensitivity

of �PT at the 0.1% level. All elements of the detector system are working well and the

level of systematic errors have been shown to be small. The current statistical accuracy

of the analyzed data is�PT = 6� 10�3, or�Im� = 0:018. Our results are consistent

with null transverse polarization at the present time. Our experiment is scheduled to

run further 1600 hours to improve the statistics.
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Fig. 3. Momentum spectrum of charged particles under the trigger condition of photon

detection in the CsI(Tl) and positron detection in the positron counters. TheK�2 peak

is due to an accidental photon in the CsI(Tl).
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Fig. 4. TOF mass spectrum of charged particles before momentum selection (solid line)

and after momentum selection (shaded spectrum).
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Fig. 5. CsI(Tl)�0 detector. There are 12 rectangular holes for the charged particles to
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Fig. 6. Invariant mass spectrum for 2
; the solid line is for the events with a pion in the

forward or backward directions, and the dotted line is for the events with a pion in the

direction perpendicular to the beam.
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Fig. 7. Schematic view of the polarimeter of one gap.
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Fig. 8. Positron time spectra: (a) before applying veto counters, and (b) after applying

veto counters. B/S was calculated for the signal region from 0 to 8�sec.


