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This report is on experiments which have been performed at the Japanese National Laboratory KEK, Tsukuba,
Japan, using stopped positive kaons. The Standard Model (SM) of particle physics has been extremely successful in the
description of a broad range of phenomena, sometimes with extreme accuracy. However, we are not completely
satisfied with the SM, for several reasons. And we are hoping to observe some “physics beyond the Standard Model”.
An attractive possibility is to search for observables which have null values (or are negligibly small) in the SM. An
example is the transverse polarization of the muon in the decays K" — z°4'v and K" — yu'v, the first one being
particularly attractive because it is practically exempt from final-state interactions. The experimental method and
experimental set-up will be described and the upper limits obtained will be presented.

1. Introduction

The Standard Model of particle physics has accumulated remarkable successes in the explanation of a
large number of experimental facts. This gives us confidence that the Higgs boson, an essential ingredient of
the model, will be discovered soon, when the Large Hadron Collider (LHC) starts operating at CERN, and
that other very important predictions of the Standard Model will be verified.

However, we are not completely satisfied with the Standard Model, for several reasons:

The Standard Model contains too many arbitrary parameters, arbitrary assumptions, and one is looking
for a more unified and complete theory. The final goal is a theory which will also include gravitation.

There are some disturbing features in the Standard Model. For instance, the matter-antimatter asymmetry
of the universe does not seem to be correctly explained in the Standard Model. It is generally accepted that
the amount of CP violation is not sufficient in the Standard Model.

It is therefore important to search for experimental manifestations of “new physics” or “physics beyond
the Standard Model”. In this report I am especially interested in manifestations of CP violation beyond the
Standard Model.

There are, essentially, two possibilities:

Search for deviations of certain observables from their Standard Model predictions. These deviations are
in general expected to be small.

Search for observables which have zero values in the Standard Model (or have so small values that they
could not be measured experimentally).

In the second category, there are observables which are essentially zero in the Standard Model, but which
can reach measurable values in several extensions of the Standard Model. In the following I will discuss the
transverse polarization P, of the muon in the decays K" — z°4'v and K* — yu'v .

These decays are produced by the weak interaction and they have a T-odd character. Therefore, they
violate time-reversal symmetry [1]. Assuming the CPT theorem, a violation of time-reversal is equivalent to
a violation of CP.

The interesting feature is that these observables violate time reversal symmetry in a non-standard way: the
transverse polarizations P, have extremely small values in the Standard Model.

I will report on experiments which have been performed at the Japanese National Laboratory KEK,
Tsukuba, Japan, by a group of 30 scientists from Japan, Russia, Canada, Korea and the U.S.A.

The kaon beam was produced by the 12 GeV proton synchrotron. In contrast to previous experiments,
where the kaons were allowed to decay in flight, our kaons were stopped in a target, where they decayed
from rest. We believe that the systematics of the experiment are better controlled in this way.

An extensive description of the detector and experimental method can be found in a published paper [2].

2. Time-reversal violation in kaon decays

A measurement of the transverse polarization P, of the muon in the K" — z°4"v decay has been
proposed long ago by Sakurai [3] as a search for new physics. The Standard Model prediction for this

* For the KEK-PS collaboration.
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transverse polarization is extremely small, ~ 107’ [4]. Another advantageous feature is the smallness of final-
state effects which could mimic time reversal violation. There is no strong interaction between particles in
the final state. And, since there is only one charged particle in the final state, the electromagnetic final-state

interaction is very small [5, 6]: ~107. This provided an interesting window to search for “New Physics”
since the best available experimental values of P, in the K™ — z°4"v decay were of the order of a few

times 10~ when our experiment was started.
The measurement of the transverse polarization P; of the muon in the K™ — yu'v decay has been

proposed by Kobayashi et al. [7]. By combining the two decays K" — 7°4'v and K" — yu'v it should be
possible to obtain very stringent constraints on some extensions of the Standard Model (for example three-
Higgs models). But, in this decay,the electromagnetic interaction is not so small: ~107*. Therefore, the
sensitivity of this decay to new physics is not as good, being limited to a smaller range of P, values. There is

also another difficulty: the branching ratio of the K* — yu"v is only (5.50+0.28)-107 . In comparison, the
branching ratio of the K* — 7°u"v decay is (3.18 £0.08)-107. Nevertheless, our group has established the

first experimental upper limit on P; inthe K™ — yu'v decay.
3. What is to be measured?

Let us start with the matrix element of the kaon decay K* — 7°u"v .
In the Standard Model, the matrix element has the following V — A form:

G . 2 a 2 a T
M =7Fsm6’c[f+(q )P + P+ f(@)(pe —p) 1[0y, (A-75)u,]1,

where p, and p, are the energy-momentum four-vectors of the kaon and pion, respectively. The f (q*)
and f_(q°) are two form factors, functions of the momentum transfer squared (p, —p,)*=(p,+P,)’.

Using the Dirac equation for the leptons, it is possible, after some calculations, to obtain the expression:

G. . v — _
M = TFSIH 0C f+(q2)[2 pK : u‘uya(l - 75)\/\/ + (é:(qz) - l)m;zuy(l - 7/5)Vv]
with the definition:

2 f(9)
£(q°) ()

These form factors have been the object of many experimental studies. They are momentum-dependent:

@) = LI+ 4T,
The currently adopted values are [8]:
A, =0.028414 =0
and

£(0)=-0.14%0.05.

In the Standard Model the form factor £(q°) arises from the strong interaction, which is T-invariant; it is
therefore real. But, in extensions of the Standard Model, additional contributions coming from new scalar
interactions can contribute an imaginary part Im&(q*). Therefore, a measurement of a non-zeo Im&(q*) will
be a manifestation of new physics.
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According to Kobayashi et al. [7] an exotic scalar interaction AS would induce an imaginary part Im¢ :

V2(mg —m?)ImGy
(m,—m,)m G sin6, ’

Im& = IMAS =

where G is the exotic scalar coupling constant and m,, m_, m, and m, are the masses of the kaon, pion,

s -quark and U -quark, respectively. Therefore, according to their theory, an upper limit on P, would put a
constraint on ImG; .

It can be shown that the transverse polarization of the muon is proportional to Im&(q*) [9]:

m, P, |
M [E, +|p,|(n, 1) -m2/m,]

P, =1Im&

This polarisation P, is proportional to the lepton mass. This represents a definite advantage over a £

decay, like the pion B decay, 7" — 7’%*v .
4. The principle of the experiment

As it is always the case in experimental physics, a compromise has to be made between the quantity and
the quality of the recorded events.
The purpose of the experiment is the measurement of a transverse polarization P, of the muon. If the

kaon decays from rest the decay plane is completely defined for the K* — 7°4*v by the momenta of the
muon and the neutral pion, and for the K — yu"v by the momenta of the muon and the photon (there is no

way to detect the neutrino).
For the K™ — z°u"v the transverse polarization P, is that component of the polarization vector P,

which is perpendicular to the decay plane:

T

o _Po(p.xp)
p.xp,|

=l

The other two components are the “longitudinal” one, P,_, along the muon momentum:

and the “normal” one, P, perpendicular to the momentum and lying in the decay plane:

_P,[B,%(P,xP,)]
|p,x(p,xP,|

I:)N

We have similar definitions for the polarization vector of the muon in the K™ — yu"v decay.

The two components P, and P, , which are not forbidden by fundamental symmetries, are much larger
than the transverse component P, . This is the major problem of the experiment.

The elimination of the spurious effects produced by these two components P, and P, can be achieved by
exploiting the symmetries of the detector. The detector consists of twelve azimutal sectors (see figure). The
muons are deflected by a magnetic field into twelve gaps where their polarization is analysed.

4.1. Definition of the decay plane

The incident kaon is tracked through a position sensitive target made of 256 scintillation rods, where it
comes to rest. This establishes the point of kaon decay.
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The muon goes through a magnetic field and is tracked in a system of several scintillation counters and

drift chambers. It is, therefore, momentum-analysed. The acceptance of the magnetic field is such that the
muons from some other decays of the kaon are rejected.

The neutral pion decays rapidly (~107'° sec.) into two photons and can be identified in two ways:

1) If the two photons share the total energy of the neutral pion almost equally, they are emitted at forward
angles, and both detected in an array of 768 CsI(Tl) crystals. The momentum of the neutral pion can be
reconstructed. The corresponding event is called a two-photon event.

2) If the energy sharing between the two photons is very asymmetric, one photon carries most of the
neutral pion energy and is emitted at a small angle with respect to the neutral pion. It is detected by the
scintillation counter array. The corresponding event is called a one-photon event.

The two sets of events are collected and analysed separately.

4.2. Measurement of the muon polarization

One makes use of the positive muon decay:
+ +., =
H —> € Ve Vu

Due to parity violation in the weak interaction, the decay positron is emitted preferentially in the direction
of the polarization vector of the muon. The angular correlation is given by:

W () ~1+a(E)P,cosd,

where E is the positron energy, a(E) is given by the theory of weak interactions, P, is the degree of
polarization of the muon, and 6 is the angle between the direction of the polarization vector of the muon P,

and the positron momentum. The principle of the measurement is to detect the positrons in two opposite
directions, # =0 and @ =7 and obtain the asymmetry:

A WO -W ()
W (0)+W ()

Since one is interested in the transverse component P, , the experimental set-up must be designed in such
a way that it is insensitive to the other components P, and P, . This can be realized (as much as possible) by
exploiting the symmetries of the detector.
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The muon loses its kinetic energy in an absorber and stops in a polarimeter made of aluminum plates,
which is placed between two positron counters. In a perfect geometry these counters would be sensitive to
P, only. The other components P, and P, would give no effect, due to the symmetries.

The transverse polarization P; is proportional to the counting asymmetry A, defined above, and between

the two counters (one on the right, one on the left). As can be seen on the figure, one particular positron
counter is the “right” counter for a muon stopping in a definite gap and the “left” counter for a muon
stopping in the neighbouring gap. Such an arrangement reduces systematic effects due to the imperfections
of the geometry and to the slightly different detection efficiencies of the positron counters. This is achieved
by summing the asymmetries over the twelve gaps.

In a polarization experiment it is usual to exploit another symmetry, using a reversal of the polarization.
How to reverse the transverse polarization P; of the muon in this experiment?

It can be done by keeping the direction of the muon and reversing the direction of the neutral pion. The
photon detector determines the direction of the neutral pion. By selecting the neutral pions which are emitted
“forward” (in the inital kaon beam direction) and “backward” (in the opposite direction) one selects two
ensembles of muons which have opposite transverse polarization P, . The direction of P; in the different

sectors switches from a “clockwise” configuration to a “counter-clockwise” configuration. By combining the
two sets of events, one doubles the effect. And the method also provides a possibility to check for the
absence of spurious asymmetries.

The elimination of spurious effects can be tested by Monte Carlo calculations, based on accurate
measurements of the geometry and the magnetic field, as well as tests on the detected events.

4.3. Efficiency of the polarimeter

According to the Standard Model, the angular distribution of the decay positrons of the muon decay
U —e'v,y, is asymmetric:

W(0)~1+aP,cost,

where @ is the angle between the polarization of the muon and the momentum of the positron. The quantity
a is given by the Standard Model.

As it has been said before, the direction of the neutral pion is selected either forward or backward (with
respect to the initial kaon beam direction) so that the polarimeter is sensitive to the “transverse” component
P; . Another configuration can be used, where the direction of the neutral pion is perpendicular to the initial

kaon beam direction, either to the left or to the right. In this configuration the polarimeter is sensitive to the
“normal” component P, , which is quite large and can be calculated from theory. This provides a way to

calibrate the polarimeter. Of course this calibration method rests on a good knowledge of the P, component.
This can be calculated from theory. But the value of this component depends on the real part Re& . Another

possibility is to use a Monte Carlo calculation.
There are, of course, a number of considerations which can not be discussed here. All the details on the
experimental apparatus, experimental method and data analysis can be found in our final paper [10].

5. Results

Data have been taken in three periods (1996 - 1997), (1998) and (1999 - 2000). They have been analysed
by two groups working independently. The results of the two analyses have been combined.

Upper limits on P, and Im& inthe K* — z°u"v decay have been obtained [10]:
P, =—-0.0017£0.0023(stat.) £ 0.001 1(syst.) ,
Imé =—-0.0053+0.0071(stat.) £ 0.0036(syst.) .
By adding the statistical and systematic errors quadratically one obtains:
P, =-0.0017+0.0026,
Im& =—-0.0053+0.0080,

which can be converted to 90 % confidence limits:
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|P;| < 0.0050,
|[Im&| < 0.016.

This result is an improvement, by a factor of 3, on the previous Brookhaven experiment [11]. Let us note
that the precision of the above KEK result is limited by statistics.

A result has been obtained, for the first time, on the K™ — yu'v decay [12]:
P, =—-0.0064 £0.0185(stat.) £ 0.0010(syst.) .

Future experiments

There are plans to pursue this experimental programme at the new facility JPARC which will be
operating in Japan in a near future [13]. Due to the higher energy of the accelerator (50 GeV) there will be
more kaons available and the beam qualities will be much better (in particular the pion contamination will be
lower). In a first step, an improved version of the present detector will be used. A new detector concept,
allowing better performances, is presently under study.
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MOUCK HAPYHIEHUSA OBPALIEHUSI BPEMEHU B PACIHAJAX 3APSI’KEHHBIX KAOHOB
II. Jenombep

Oror pmoximany o0 SKcIepUMEHTaX, BBIMONHEHHBIX B HammonampHO# mabopartopun KEK (Lyky0a, Amnonus) c
WCTIOJIF30BaHUEM OCTAHOBJIICHHBIX IOJOXXHUTENBHBIX KaoHOB. CraHmaptHas Mopens (CM) (u3uku 9acTHI] HOCTHTIIA
3HAYUTEIBHBIX YCIIEXOB B OMHCAHUHU IIMPOKOTO Kpyra sIBICHUI, HHOTa C OYeHb OOJIBIION TOYHOCTHIO. OHAKO, MBI HE
BIOJIHE yaoBiIeTBOpeHbl CM M0 HEeCcKOJNIbKUM Npu4rnHaM. M Mbl HajieeMcsi YBUZIETh HEKyio “(DU3UKY 3a mpenesaMu
CrangaptHoii Mogenu”. MHTepecHON BO3MOXKHOCTBIO SIBIsETCS wuccienoBanue B CM HaOMIOJAEMBIX, WMEIOIINX
HyJIeBble 3HAa4yeHUs] (WM SIBILSIIOLIMECS MpeHeOpexumMo MaibiMu). [IpuMmepom sIBisieTCsl mornepevHasi MOJspU3alins

mioona B pacmagax K™ — 7z°u'v u K" — yu'v. Tlepsblii ciyuait 0cOGEHHO HHTEpECEH, MOCKONbKY OH SIBIAETCS

MPAaKTUYCCKU YUCTBIM B3aHMOH€ﬁCTBHeM B KOHCYHOM COCTOsIHHUH. ByHyT OIIMCAaHBI 3KCH€pHM€HTaHBHLII71 MCTOO H
METOAMKA U IMPCACTABJICHBI MOJYYCHHBIC BEPXHUC MTPEICIIbI.
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NOYK IMOPYUWIEHHS OBEPHEHHS YACY B PO3NMAJAX 3APAJKEHUX KAOHIB
I1. lenombep

Ils nmomoBime mpo excriepuMeHTH, BUKOHaHi B HamioHanshiii sabopatopii KEK (Llyky6a, Smonis) i3
BUKOPHCTaHHSM 3yNUHEHUX IO3UTHBHUX KaoHIB. CranmaptHa Monens (CM) ¢i3MKM 4acTHHOK JOCAIIa 3HAYHUX
YCIIXiB B OMUCI IHPOKOTO KOJIa SBUII, IHKOJH 3 Iy’Ke BEIUKOI0 TOUHICTIO. OHAK, MU HE MOBHICTIO 3a10BoJeHI CM 3
JIEKUTBKOX TpHYUH. | MU crofiBaeMoCh crioctepiratu meBHy “¢isuky mosa mexkamu CranmaptHoi Mozeni”. LikaBoro
MOXUIUBICTIO € nociimkeHHs B CM CHOCTepe)XKyBaHHX BEIUYMH, IO MAaIOTh HYJBOBI 3HaueHHS (200 THX, IO €
Ha3BHyYaiiHo Manumu). [IpuKIazoM € momepedHa mofspusaiis MiooHa B posnagax K' — z’u'v ta K" —yu'v.

[Neprimii BUNamOK € O0COONMBO IMIKABMM, OCKIIBKHM BiH € MPAKTUYHO YUCTOIO B3AEMOJIEI0 Y KIHIICBOMY CTaHi. bynme
OIMCAHO EKCIIEPUMEHTAIILHUI METO/I | METOIMKA Ta IPEJICTABICHO OTPUMaHI BEPXHi I'PaHUII].
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