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Recent progress in the ¯eld of rare kaon decays will be described. A brief summary of future experimental activities
will also be given. Among the highligh ts, the impro ved upper limit on K L ! ¼0e+ e¡ , and the ¯rst observation of
the K S ! ¼0e+ e¡ are presented. A precise measurement of K S ! ° ° and high statistics studies of the Dalitz kaon
decays have recently been reported and will be brie°y described.

1. In tro duction

1.1. Why Study Rar e Kaon Decays?

There are four main reasonsto study rare kaon de-
cays:

1. study of the explicit violation of the Standard
Model (SM) like Lepton Flavor Violation;

2. probe of the °avor sector by means of Flavor
Changing Neutral Currents (FCNC);

3. test of fundamental symmetriessuch as CP and
CPT; and

4. study of the strong interaction at low energy in
exclusive processes.

1.2. Or ganization of the Paper

This paper reviews the recent experimental progress
in the ¯eld of rare kaondecays: in addition to K L and
K + rare decays that have beenthe subject of precise
studiesover many years,K S rare decays have started
to be studied to sensitivities below 10¡ 8. The paper
is organized as follows: in Sec.2 recent progresson
K L ;S ! ¼0e+ e¡ and K + ! ¼+ º º is reported: these
decays, together with K L ! ¼0º º form the core of
the program to challenge the Cabibbo{Kobayashi{
Maskawa (CKM) 1;2 description of CP-violation and
quark mixing using kaon decays. Tests of CP- and
CPT-symmetry not strictly related to the CKM de-
scription are described in Sec. 3: they include the
study of K S;L ! ¼+ ¼¡ e+ e¡ , K S ! 3¼0 and the
study of semileptonic K S decays. Progress on the
study of the kaon Dalitz decays is reported in Sec.4
while new results on non-leptonic neutral kaon de-
cays are reported in Sec.5. The new initiativ esthat
should lead to signi¯cant advancesin this areaof re-

search by the end of the decadeare brie°y outlined
in Sec.6.

2. Tests of the Standard Mo del with Rare
Kaon Decays

The K ! ¼º º and the K L ! ¼0l+ l ¡ decays al-
low the study of the coupling of the top quark by
means of s ! d virtual transitions which are very
suppressedin the Standard Model. In the frame-
work of the CKM description, CP-violation appears
naturally from the presenceof a complex irreducible
phasein the mixing between the ¯rst and the third
generation of quarks. Without a fourth generation,
there is only one irreducible phase and, in the ab-
senceof new physics appearing in the virtual loops,
the matrix must be unitary . The six unitarit y rela-
tions can be displayed in the form of triangles on a
complex plane. The triangles are all born equal in
the sensethat they have the samearea which is the
only real measureof CP-violation in the SM.3 How-
ever, somerelations look more triangular than others
becauseall sideshave similar length. For this reason
it is common to display the

Vud V ¤
ub + VcdV ¤

cb + Vtd V ¤
tb = 0 (1)

unitarit y relation on the ½and ´ complex plane fol-
lowing the Wolfenstein parametrization.4 The kaon
decay modes relevant to the study of the unitarit y
triangle are shown on Fig. 1. The area of the trian-
gle is expressedby the Jarlskog invariant, which for
kaonscan be written as:

JC P = =Vud V ¤
us Vtd V ¤

ts

= sinµC cosµC =Vtd V ¤
ts

= sinµC cosµC =¸ t ;
(2)

where µC is the Cabibbo angle1 and ¸ t is a short-
hand notation for Vtd V ¤

ts . It is useful to relate = ¸ t
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Figure 1. The rare kaon decays related to the study of the unitarit y triangle.

and < ¸ t to the ´ and ½quantities in the Wolfenstein
parametrization:

= ¸ t = A2¸ 5´
< ¸ t = A2¸ 5½:

(3)

2.1. K L ! ¼0 º º

Even though no recent results have been reported
on the subject at this conference,this article would
not be complete without mentioning the status of
the K L ! ¼0º º decay which is purely CP-violating 5

without long-distance contaminations. This decay
has been dubbed the holy grail of kaon physics.6

Measuring it is equivalent to a measurement of the
height of the unitarit y triangle and it can be pre-
dicted preciselyto a few percent uncertainty because
the hadronic matrix element can be taken from the
well measuredK e3 decay. The current upper limit
< 5:9 £ 10¡ 7 @90% CL7 is more than one order of
magnitude lesssensitive than the model-independent
limit 8 extracted from K + ! ¼+ º º which reads:

B R(K L ! ¼0º º ) < 1:7 £ 10¡ 9 90% CL : (4)

Prospects for further improving this channel are dis-
cussedin the last section.

2.2. K L ! ¼0e+ e¡

The physics interest is the sameas K L ! ¼0º º but
the experimental challenges,while very di®erent, are
still formidable. In addition, the interpretation of a
possibleobservation is complicated by long-distance
e®ectswhich require the study of additional reactions

as depicted in Fig. 1. There has been a recent re-
analysis of the decay by Buchalla, D'Am brosio and
Isidori,9 motivated in part by a seriesof recent ex-
perimental resultson the ancillary modes. The direct
CP-violating short-distancecontribution can be pre-
dicted taking = ¸ t from SM ¯ts to the CKM unitarit y
triangle. For example taking10

=¸ t = 1:36£ 10¡ 4; (5)

they ¯nd:

B R(K L ! ¼0e+ e¡ )D ir ect
C P V = (3:2§ 0:4) £ 10¡ 12 (6)

which is indeed very small. In addition to the short-
distance, there is another CP-violating contribution
coming from the CP-even component of the K L and
proportional to B R(K S ! ¼0e+ e¡ ). This compo-
nent can be written as:

B R(K L ! ¼0e+ e¡ )I ndir ect
C P V =

j²j2 ¿L
¿S

B R(K S ! ¼0e+ e¡ ):
(7)

There are predictions of B R(K S ! ¼0e+ e¡ ) span-
ning over one order of magnitude11¡ 13 and a mea-
surement or a signi¯cant upper bound is necessary
to ¯x this long-distance-dominatedprocess.

The direct and the indirect CP-violating con-
tributions can interfere, further complicating the
extraction of = ¸ t . However, if the indirect CP-
violating component is large and if the interference
term is constructive, the sensitivity to the short-
distance physics is enhanced.

Last but not least, a CP-conserving amplitude
has also to be taken into account. Information on
this component can be extracted from the study of
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Table 1. Limits on K L ! ¼0e+ e¡ and K L ! ¼0 ¹ + ¹ ¡ pub-
lished by the KT eV Collab oration.

Mo de B R @ 90% CL Ref.

K L ! ¼0e+ e¡ < 5:1 £ 10¡ 10 18

K L ! ¼0 ¹ + ¹ ¡ < 3:8 £ 10¡ 10 19

K L ! ¼0° ° . It has been pointed out14 that re-
liable estimates of this contribution must be per-
formed in a model-independent way without im-
posing Vector Meson Dominance (VMD) a priori.
This point of view has been followed9: determin-
ing the three counter-terms from K L ! ¼0° ° 15 and
K S ! ° ° 16 data, the CP-conservingcontribution to
K L ! ¼0e+ e¡ is found to be:

B R(K L ! ¼0e+ e¡ )C onser v ing
C P C < 3 £ 10¡ 12; (8)

much smaller than the total CP-violating term. All
the considerations presented in this section apply
also to the study of K L ! ¼0¹ + ¹ ¡ but the CP-
conserving term in this caseneedsmore attention.
The best limits on K L ! ¼0e+ e¡ and K L !
¼0¹ + ¹ ¡ are thoseobtained by the KTeV experiment
at Fermilab. KTeV has two purposes: one experi-
ment, E832, is devoted to the study of direct CP-
violation in two-pion decays of the neutral kaon17

(²0=²). The other, E799 I I, is devoted to the study
of rare kaon decays. E799 I I used the extracted
800 GeV Tevatron proton beam and took data in
1997 and 1999 collecting about 7 £ 1011 K L de-
cays in a relatively short running period. The ex-
periment employs state-of-the-art CsI eletromagnetic
calorimetry and a transition radiation detector to
improve the pion/electron separation. The experi-
mental di±cult y residesin the presenceof irreducible
backgroundsfrom the radiativ e decay K L ! e+ e¡ ° °
which has a branching ratio of about ¼ 6 £ 10¡ 7

and, to a lesser extent, K L ! ¹ + ¹ ¡ ° ° . Only a
very good two-photon massresolution and kinematic
cuts are available to suppressthesebackgrounds. As
a consequence,in order to keep the backgrounds to
the · 1 event level, one is forced to reduce the ac-
ceptancequite signi¯cantly . Future searches will be
background dominated and the progresswill not be
linear with the accumulated kaon °ux. The pub-
lished limits by KTeV are reported in Table 1. KTeV
hasalsoanalyzedthe data collectedin 1999to search

Figure 2. M (° ° ) vs. M (e+ e¡ ° ° ) scatter plot for the 1999
KT eV data. The signal (circle) and control (square) regions
are masked.

for K L ! ¼0e+ e¡ . Details on the analysis can be
found in a preprint that has just becomeavailable.20

In Fig. 2 the M (° ° ) vs. M (e+ e¡ ° ° ) scatter plot
for the 1999KTeV data is shown. In this ¯gure the
invariant mass of the four particles M (e+ e¡ ° ° ) is
plotted under the hypothesis that the two photons
come from a ¼0 decay. This improves the massres-
olution but makes the radiativ e background appear
asa diagonal swath in the scatter plot. Backgrounds
not related to e+ e¡ ° ° are quite small. In particular,
one notes that the excellent energy resolution of the
detector allowsthe background K L ! ¼0e+ e¡ ° to be
suppressedvery e±ciently . To further suppressthe
radiativ e background, one makesuseof the di®erent
kinematics of the signal and of the background as
studied by Greenlee.21 The two useful variables are
the minimum angle between any electron and any
photon (µmin ), and the minimum angle of any pho-
ton with respect to the ¼0 direction (µ¼0 ) which, for a
genuine ¼0 decay, should be isotropically distributed
but not for a radiativ e decay. The two distributions
are shown in Fig. 3.

The values for the cuts on these kinematic
variables were chosen to minimize the B R(K L !
¼0e+ e¡ ) upper limit in the absenceof signal. Af-
ter inspection of the signal box, one candidate event
was found, which is consistent with the expected
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Figure 3. Comparison of y° = cosµ¼0 (top) and µmin (b ot-
tom) for e+ e¡ ° ° and ¼0e+ e¡ ¯nal states.

background of 0:99 § 0:35 events. The M (° ° ) vs.
M (e+ e¡ ° ° ) scatter plot, with the unmasked signal
region and after all cuts are applied, is shown in
Fig. 4.

The KTeV result for the 1999data is B R(K L !
¼0e+ e¡ ) < 3:5 £ 10¡ 10 @90% CL. Combining this
result with the previous search leads to the ¯nal
KTeV result:

B R(K L ! ¼0e+ e¡ ) < 2:8 £ 10¡ 10 @90% CL: (9)

Figure 4. M (° ° ) vs. M (e+ e¡ ° ° ) scatter plot for the K L !
¼0e+ e¡ (1999 data).

2.3. Observation of K S ! ¼0e+ e¡

As described in the previous section, in order to
extract the short-distance information from K L !
¼0l+ l ¡ , one has to measure or at least bound to
the appropriate level the K S ! ¼0l+ l ¡ reaction.
The opportunit y to study K S ! ¼0l+ l ¡ took place
at CERN after the NA48 experiment completed the
measurement of ²0=².22;23 The NA48 detectors with
upgradedreadoutsand a modi¯ed K S beamline were
used to collect data from an intense, short neutral
beam. The neutral beam was produced by striking
400GeV protons from the CERN SPSonto a Be tar-
get 40 cm long. The beam emergesfrom a 6 m long
collimator and enters a 90 m long decay tank. The
same number of K L as K S is produced in the tar-
get and the K L decays have to be taken into account
in the background subtraction. The mean energy of
the kaons is about 100 GeV. During the year 2002
NA48/1 collectedmorethan 3£ 1010 K S decays in the
¯ducial volume. Previously, during the year 2000,
NA48/1 collected data for ¯nal states consisting of
only photons sincethe chargedspectrometer wasnot
available that year. Here we brie°y describe the
K S ! ¼0e+ e¡ analysisbasedon the 2002data. More
details on the analysis can be found elsewhere.24

Events with e+ e¡ invariant mass (M (ee)) smaller
than 0:165 GeV=c2 are cut to reject K S ! ¼0¼0

D de-
cays with a missing photon which could otherwise
mimic the signal. In this notation, ¼0

D is the short-
hand for the ¼0 ! e+ e¡ ° (Dalitz) decay. A com-
parison between the data and the Monte Carlo is
shown in Fig. 5 for the events satisfying the relation:
0:09 GeV=c2 < M ee < 0:165 GeV=c2. These events
have the same topology as the signal but fall out-
side the masked search region and can be used to
check the reconstruction procedure. The data is well
reproduced by the simulation (the normalization is
absolute) and con¯rms that M ee > 0:165 GeV=c2

to de¯ne the signal region is well justi¯ed. One can
notice that the ¼0 ! e+ e¡ (B R ' 6 £ 10¡ 8) con-
tribution is quite visible and gives an idea of how
small the residual backgrounds due to ¼0 Dalitz de-
cays and conversions are. This is due, to a large
extent, to the very good energyresolution of the de-
tector. No events reconstructed with two electrons
of the same sign were found in the corresponding
signal region. This demonstrates that K S ! 2¼0

events in which one pion undergoes a Dalitz decay
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and a photon converts with subsequent loss of two
chargedparticles of opposite sign are not of concern.
The radiativ e background due to K L ;S ! e+ e¡ ° °
was measuredanalyzing data collected by NA48 in
2001 from a pure K L beam. The data set contains
ten times more K ! e+ e¡ ° ° events than the 2002
sample and a precise measurement of the radiativ e
background can thereforebe made. The M (e+ e¡ ° ° )
vs. M (° ° ) distribution is shown in Fig. 6. M (ee°° )
is plotted by reconstructing the decay vertex with the
chargedtracks under the constraint that the kaonde-
cay should lie on the straight line joining the target
and the reconstructedkaon center-of-gravit y. M (° ° )
is reconstructed assuming the kaon mass. By plot-
ting the data in this way, the two variables are not

Table 2. Sum of the backgrounds to K S ! ¼0e+ e¡

Source Control region Signal region

K S ! ¼0
D ¼0

D 0.03 < 0:01

K ! e+ e¡ ° ° 0.11 0.08

Accidentals 0.19 0.07

Total 0.33 0.15

correlated. Background from the accidental overlap
of di®erent kaon decays has also to be taken into ac-
count. It typically originates from the time overlap
of a K L ! ¼eº decay where the pion is misidenti¯ed
as an electron with a K S ! ¼0¼0 decay in which
one ¼0 is lost outside the acceptance. Given the
very good time resolution of the detectors and the
wide readout window, this background is measured
by counting the events that passthe analysis in the
side-bandsand extrapolating the result in the signal
region. A rectangular signal region (2.5 standard de-
viations in M (° ° ) and M (e+ e¡ ° ° ) resolution) and a
rectangular control regionof 6 times 6 standard devi-
ations, both centered around the kaon and ¼0 mass,
were kept masked until the background studies were
completed in order to avoid any human bias. The
summary of the expected backgrounds is reported
in Table 2. Many other sourcesof background, for
example those originating from neutral cascadede-
cays, were investigated and found to be negligible.
The inspection of the control box surrounding the
signal region revealedno events, which is consistent
with an expected background of 0.33 events. In the
signal box seven candidate events were found. The
candidates are displayed in Fig. 7. Given the back-
ground expectation of 0.15 events, the probabilit y
that all seven events are background is negligibly
small (' 10¡ 10). The events are therefore inter-
preted as the ¯rst observation of the K S ! ¼0e+ e¡

decay. The °ux, measuredby counting ¼0¼0
D events

which are collected by the sametrigger, amounts to
3:51£ 1010 K S decays. After correcting for the accep-
tance and dividing by the °ux, the measuredbranch-
ing ratio for M (ee) > 0:165 GeV=c2 is found to be:

B R(K S ! ¼0e+ e¡ ; M (ee) > 0:165 GeV=c2) =
(3:0+1 :5

¡ 1:2(stat ) § 0:2(syst)) £ 10¡ 9:
(10)
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Assuminga vector interaction and constant form fac-
tor, the result extrapolated to the full phase space
becomes:

B R(K S ! ¼0e+ e¡ ) =
(5:8+2 :8

¡ 2:3(stat ) § 0:8(syst)) £ 10¡ 9;
(11)

where the systematic error is totally dominated by
the form factor uncertainty. The result is in remark-
able agreement with the prediction of L. Sehgal11

which is 5:5 £ 10¡ 9. In the notation of D'Am brosio
et al.,25 this measurement can be related to a single
parameter:

jaSj = 1:06+0 :26
¡ 0:21 § 0:07: (12)

Unfortunately, the sign of aS cannot be extracted
from this experiment and the question whether the
interference between the short- and long-distance
CP-violation is constructive or destructive remains
unanswered. Constructive interference is preferred
theoretically. 9

2.4. Outlo ok for K L ! ¼0e+ e¡ and
K L ! ¼0 ¹ + ¹ ¡

The sensitivity of the total CP-violating branching
ratio as a function of = ¸ t is shown in Fig. 8 for the
two signs of aS. For constructive interference (i.e.
aS negative in this notation) the sensitivity to = ¸ t

is enhanced. The KTeV Collaboration is analyzing
the 1999K L ! ¼0¹¹ data and the sensitivity on this
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Figure 8. The sensitivit y of the total CP-violating K L !
¼0e+ e¡ branching ratio as a function of = ¸ t for the two signs
of the interference term.

mode will therefore be improved. The measurement
of K S ! ¼0¹ + ¹ ¡ by NA48/1 is in progress. Fur-
ther searches for K L ! ¼0e+ e¡ and K L ! ¼0¹ + ¹ ¡

will be background dominated. It will be di±cult
to reduce the background from the radiativ e decays
becauseKTeV and NA48 already have state-of-the-
art calorimeters. The sensitivity to short-distance
physics can be further enhancedif the interference
between the short-distance and long-distance CP-
violation turns out to be constructive. The signal-
to-background ratio could be improved by collecting
data from the time-dependent K L ¡ K S interference
region.26 Further progressrelieson the availabilit y of
high energy, slowly extracted DC proton beamswith
intensity in excessof 1012 protons/s. Factory mode
operation of the experiment over a few yearshasalso
to be envisaged. Compounding all these factors to-
gether one can explore the window of opportunit y
that spansfrom the current upper limit to the Stan-
dard Model prediction.

2.5. K + ! ¼+ º º

This decay is a very sensitive probe of the Standard
Model becausethe hadronic matrix element can be
extracted from the well measuredK + ! ¼0eº de-
cay. There are no long-distancecontributions to this
mode and the QCD correctionshave beencalculated
to NLO.27;28 The theoretical error for the extraction
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Figure 9. The range versus kinetic energy scatter plot. The
analysis requires that the pion momentum is contained be-
tween 211 and 229 MeV/c. The circles are the 1998 data
while the triangles are the 1995{1997 data. The group of
events around E = 108 MeV corresponds to K ¼2 decays. The
simulated signal is represented by dots.

of j¸ t j is limited to the knowledgeof the charm quark
contribution which translates into a small residualer-
ror on the decay amplitude. Other uncertainties are
related to the poor knowledgeof the CKM elements
and will improve accordingly. One analysis,29 using
²K and ACP (J ÃK S) as inputs, predicts in the SM:
B R(K + ! ¼+ º º ) = (7:1 § 1:0) £ 10¡ 10. To reach
a 10¡ 10 Single Event Sensitivity (SES), the analysis
is usually restricted to the pion momentum region
between the K + ! ¼+ ¼0 (K ¼2) and K + ! ¹ + º
(K ¹ 2) peaks(Region I). Two events interpreted asa
signal were published during the past years by the
AGS-E787 experiment.30 The range versus kinetic
energy scatter plot containing the two signal events
in the box is shown in Fig. 9. Thesetwo events pro-
vide a measurement of the branching ratio:

B R(K + ! ¼+ º º ) = (1:57+1 :75
¡ 0:83) £ 10¡ 10 (13)

which is on the high side of the SM prediction, al-
beit with very large errors. The analysis of the
kinematic region with pion momentum above the
K + ! ¼+ ¼0¼0 endpoint and below the (K ¼2) peak
(Region I I) relies greatly on the photon veto e±-
ciency. There is one published analysis of Region
I I by AGS-E787,31 which has beenupdated for this
conferenceto include the data collected in 1997.32

Figure 10. The kinetic energy vs. range scatter plot for the
1997 data in Region I I before and after the momentum cut.

The scatter plot of the kinetic energy versus range
beforeand after the pion momentum cut is shown in
Fig. 10 for the 1997 data. The combined 1996 and
1997analysis yields the preliminary limit:

B R(K + ! ¼+ º º ) < 22£ 10¡ 10 @90% CL: (14)

Even if the result is still an order of magnitude above
the SM prediction, this result is quite important in
my opinion becauseit opensthe way to analyzing the
decay in regionsof larger acceptance,allowing oneto
test the dynamics of the K + ! ¼+ º º decay (to test,
for example, the vector nature of the interaction).
Many improvements were made to turn E787 into
the successorexperiment E949. In particular, the
photon veto system was upgraded. E949 took data
in 2002 for 12 weeksand results are expected soon.
The experiment was originally approved to run for
60 weeksand therefore expects to take more data.

2.6. Outlo ok

A comparisonbetweenthe constraint currently pro-
vided by K and B mesonson ´ and ½was prepared
by Gino Isidori and is shown in Fig. 11. Obviously,
a large window of opportunit y exists. Someof the
observables to which rare kaon decays have access
are well understood theoretically. We expect, within
a reasonabletime scale of about a decade, that a
completely independent and competitiv e test of the
CKM paradigm will be provided by rare kaon decay
studies, notably K ! ¼º º .
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3. Other Tests of CP- and CPT-Violation

3.1. K L ;S ! ¼+ ¼¡ e+ e¡

Large CP-violating e®ectsare not con¯ned to B de-
cays. It was realized long ago that in the K !
¼+ ¼¡ ° ¤ ! ¼+ ¼¡ e+ e¡ decay, large e®ectsdue to
CP-violation could be observed in the polarization
of the photon. The decay has a branching ratio of
' 3 £ 10¡ 7 and its decay amplitude is dominated
by two competing K L ! ¼+ ¼¡ ° ¤ components: one
from the CP-violating internal bremsstrahlung and
the other from the CP-conservingdirect emissionas-
sociated with a magnetic dipole transition. Sehgal
and Wanninger33 and Heiliger and Sehgal34 showed
that the angular correlation of the e+ e¡ and ¼+ ¼¡

planes contains an explicit CP-violating term aris-
ing from the interferenceof the two amplitudes. The
CP-asymmetry in the distribution of the angleÁ be-
tweenthe e+ e¡ and ¼+ ¼¡ planes,in the kaoncenter-
of-masssystem is:

A Á =

R¼=2
0

d¡
dÁ dÁ¡

R¼
¼=2

d¡
dÁ dÁ

R¼=2
0

d¡
dÁ dÁ+

R¼
¼=2

d¡
dÁ dÁ

: (15)

This asymmetry, which originates mostly from
K 0K

0
mixing, is predicted to be as large as 14%.

The asymmetry was ¯rst measuredby KTeV.35 The
latest KTeV preliminary result was obtained com-
bining the 1997and 1999statistics36 and it is based
on 5056events. The asymmetry

A Á = (13:3 § 1:4 § 1:0)% (16)

is shown in Fig. 12 and is in good agreement with
the theoretical prediction. The NA48 Collaboration
hascompleteda thorough analysisof asymmetry and
branching ratio for both K L and K S basedon 1162
and 621 events, respectively.37

The K L asymmetry measuredby NA48 agrees
with the expectation and with KTeV. No asymmetry
is observed in K S decays. This is expected because
only oneamplitude dominates the K S ! ¼+ ¼¡ e+ e¡

decay. The K S asymmetry measured by NA48 is
shown in Fig. 13.
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Figure 12. The K L ! ¼+ ¼¡ e+ e¡ CP-violating asymmetry
as measured by KT eV (data 1997+1999, preliminary).

(a)
KS 5  p+p-e+e-

AF  = (0.5 A 4.0stat)Y

(b)
KS 5  p+p-e+e-

LAppeeG = 3.51Y

Figure 13. The K S ! ¼+ ¼¡ e+ e¡ angular distribution as
measured by NA48. In the bottom plot the acceptance is
shown.
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Table 3. Overview of current CP-violating results in K S ! 3¼
decays.

Exp eriment Result

FNAL-E621 40 = ´ § 0 = (¡ 1:5 § 1:7 § 2:5) £ 10¡ 2

CPLEAR 41 < ´ § 0 = (¡ 2 § 7+4
¡ 1 ) £ 10¡ 3

= ´ § 0 = (¡ 2 § 9+2
¡ 1 ) £ 10¡ 3

ITEP-761 42 < ´ 000 = (¡ 8 § 18) £ 10¡ 2

= ´ 000 = (¡ 5 § 27) £ 10¡ 2

CPLEAR 43 < ´ 000 = (18 § 14 § 6) £ 10¡ 2

= ´ 000 = (15 § 20 § 3) £ 10¡ 2

SND44 B R(K S ! 3¼0 ) < 1:4 £ 10¡ 5 90% CL

3.2. K S ! 3¼0

CP-violation in K 0 ! 2¼decays is ¯rmly established
and the parameters which describe it (´ § , ´ 00 and
²0=²) are preciselymeasured.38 CP-violation in K S !
3¼is equally allowed in the SM but has been inves-
tigated in much lessdetail owing to the di±cult y of
the measurements which involve rare kaon decays. A
¼+ ¼¡ ¼0 state is mainly CP-odd while a 3¼0 state is
purely CP-odd. The equivalent of ´ 00 for K S ! 3¼0

decays is ´ 000 = A(K S ! 3¼0)=A(K L ! 3¼0). In the
SM ´ 000 = ² + i= a1=< a1, where a1 is the isospin 1
amplitude for K 0 ! ¼0¼0¼0 and ² = 2=3´ § + 1=3´ 00.
The current experimental situation is summarizedin
Table 3. It is worth noticing that the test of CPT-
conservation basedon the comparisonof the K 0 and
K

0
massesis currently limited by the poor knowl-

edgeof ´ 000.39

During the year 2000 NA48 did not have any
drift chambers becausethey were damaged by the
implosion of the carbon ¯b er beampipe. Sothey ex-
ploited the excellent energy resolution of the liquid
krypton calorimeter (LKr) 45 to collect 3¼0 decays
from a short neutral beam to improve the limits on
´ 000. The sensitivity to ´ 000 comesfrom the K S ¡ K L

interference that can be measuredby studying the
intensity of 3¼0 decays in the short neutral beam
as a function of the proper decay time of the kaon.
In order to keepthe acceptancecorrection small, the
data werenormalizedusing3¼0 decays collectedfrom
the long beam. The long beam is a pure K L beam
for all practical purposesand the K S ¡ K L interfer-
enceexpected in 3¼0 decays is completely negligible.

Table 4. Systematic uncertain ties.

< ´ 000 (10¡ 2 ) = ´ 000 (10¡ 2 )

Accidentals § 0:1 § 0:6

Energy scale § 0:1 § 0:1

Dilution § 0:3 § 0:4

Acceptance § 0:3 § 0:8

Binning § 0:1 § 0:2

Total § 0:5 § 1:1

A Monte Carlo simulation was used to correct for
the residual geometrical di®erencebetween the two
beams. The decay energyspectra of kaonsgenerated
from the near and far beam are not identical. In
order to take care of this di®erence,the analysis is
done by ¯tting the data in 5 GeV wide energy bins
according to the function:
f(E,t) = N E AR

F AR = A(E)[1 + j´ 000 j2e(¡ L ¡ ¡ S ) t

+ 2D(E)e
1
2 (¡ L ¡ ¡ S ) t

£ (< ´ 000 cos¢ mt ¡ = ´ 000 sin¢ mt ) ]

where A(E) are normalization constants and D(E)
is the so-calledK 0 ¡ K

0
dilution describing the ex-

cessof K 0 over K
0

in the incoherent mixture of neu-
tral kaons produced by the 400 GeV protons in the
Be target. D (E) is a function of the energy and
of the production angle. The dilution values were
those measuredby the NA31 experiment, 46 slightly
adjusted to take into account the di®erent produc-
tion angle and proton energy.

There are about 5:6 £ 106 3¼0 events from the
near beam and in excessof 107 from the far beam.
The near/far ratio corrected for the beam geometry
is shown in Fig. 14 for three energy bins. The posi-
tion of the collimator and the upstream and down-
stream boundariesof the ¯tting region are indicated
on the ¯gure. Systematic errors have been evalu-
ated for accidentals, energy scale, K 0 dilution, ac-
ceptance,and binning and are reported in Table 4.
NA48/1 has made two ¯ts to Eq. (3.2).

1. The Real and the Imaginary part of ´ 000 are
¯tted independently together with the normal-
ization constants. The results are:

< ´ 000 = ¡ 2:6 § 1:0(stat ) § 0:5(syst) £ 10¡ 2

(17)
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Figure 14. Near over far 3¼0 data after the geometry correc-
tion. The position of the end of the collimator and the def-
inition of the upstream and downstream limits of the ¯tting
region are indicated. The upstream cuts were chosen to avoid
resolution e®ects, and the downstream ones to insure good
trigger e±ciency .

= ´ 000 = ¡ 3:4 § 1:0(stat ) § 1:0(syst) £ 10¡ 2:
(18)

The Â2=ndf is good (415/405) but the two pa-
rametersare strongly correlated. The ¯t is com-
patible with CP-conservation with a probabilit y
of a few percent.

2. To avoid the correlation of the parameters,they
imposed CPT-conservation and ¯xed the Real
part of ´ 000 to the SM prediction:

< ´ 000 = < ² ' 1:6 £ 10¡ 3: (19)

Fitting for = ´ 000 then yields:

= ´ 000 = ¡ 1:2 § 0:7(stat ) § 1:1(syst) £ 10¡ 2

(20)
which is compatible with CP-conservation
within errors.

The result of the ¯ts is shown in Fig. 15. The
result given by Eq. (20) translates into the limit
B R(K S ! ¼0¼0¼0) < 3:0 £ 10¡ 7 @ 90%CL which
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Figure 15. Results of the 3¼0 ¯ts.

improves the current limit by about 50 times and is
compatible with the SM prediction of » 1:9 £ 10¡ 9.
Results given by Eqs. (17) and (18) provide input to
the Bell{Steinberger unitarit y relation,47 which con-
strains the CP- and CPT-violating parameter = ±
under the hypothesisof conservation of probabilit y:

(< ² ¡ i= ±) £ (i2¢ m + (¡ S + ¡ L )) =P
f A(K S ! f )¤A(K L ! f ):

(21)

Taking into account the NA48/1 result, we obtain:

= ± = (¡ 1:2 § 3:0) £ 10¡ 5 (22)

which represents an improvement of about 40%with
respect to previous result:48

= ± = (2:4 § 5:0) £ 10¡ 5: (23)

Assuming CPT-conservation in the semileptonic
K 0 decays, the phaseof ± is ¯xed and the measure-
ment translates into a new limit on the K 0K

0
mass

di®erence:

M (K 0) ¡ M (K
0
) = (¡ 1:7§ 4:2)£ 10¡ 19 GeV: (24)

3.3. Semileptonic K S Decays

Semileptonickaon decays are quite important for the
study of fundamental parameters of the SM theory
such as Vus .49 Only K S decays having branching ra-
tios smaller than 10¡ 3 can be consideredrelatively
rare. Under the validit y of the ¢ S = ¢ Q rule
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Figure 16. K S semileptonic decays with positiv e charge mea-
sured by KLOE (2001 statistics, preliminary).

and CPT-conservation, the K S ! ¼eº rate can be
derived from that of K L semileptonic decays using
known kaon parameters. The KLOE experiment, in-
stalled at the Frascati Á factory, can measure the
K S ! ¼eº rate in a very straightforward way, us-
ing the Á ! K SK L decay. The Á decays at rest and
therefore the kaonshave practically ¯xed energy, en-
abling the K S to be tagged by measuring the time
of °igh t of the accompanying K L which interacts in
the electromagneticcalorimeter. KLOE has already
published results on this mode.50 Here we report the
latest preliminary results51 basedon more statistics
collected during 2001. A comparison of data and
Monte Carlo is shown in Fig. 16 for positive leptons
and in Fig. 17 for negative ones. The preliminary
results are:

B R(K S ! ¼+ e¡ º ) = (3:44§ 0:09§ 0:06) £ 10¡ 4

B R(K S ! ¼¡ e+ º ) = (3:31§ 0:08§ 0:05) £ 10¡ 4

B R(K S ! ¼§ ë º (º )) = (6:76§ 0:12§ 0:10) £ 10¡ 4

(25)
On the basis of these results, KLOE has made

the ¯rst measurement of the CP charge asymme-
try for A (K S). Deviations of A (K S) from the well
measured52 A(K L ) = (3:322§ 0:055)£ 10¡ 3 would be
a sign of CPT-violation. The preliminary value51 is
A (K S) = (1:9§ 1:7§ 0:6)£ 10¡ 2. Conversely, onecan
assumeCPT-conservation and test the ¢ S = ¢ Q
rule. The KLOE statistics are improving and are
now starting to be competitiv e with the results ob-
tained by CPLEAR.53
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Figure 17. K S semileptonic decays with negative charge mea-
sured by KLOE (2001 statistics, preliminary).

4. Kaon Dalitz Decays

4.1. Motivation

Attempts to extract < ¸ t from the decay K L !
¹ + ¹ ¡ ,25;54 su®er from the lack of control of the
long-distance part of the dispersive amplitude of
the decay.55 The study of the kaon Dalitz decays
(K L ! ° (¤) ° ¤) allows one in principle to better
constrain this long-distancecontribution. Signi¯cant
progresshasbeenachieved on the Dalitz kaon decays
as a byproduct of the ²0=² experiments. Two mod-
els are available in the literature to parametrize the
Dalitz form factors. In addition to the BMS model56

where one parameter (®¤
K ) is used to include vector

contributions, a parametrization compatible with the
chiral expansion to O(p6) is available (DIP). 25 The
two descriptions are related by the formula

®(D I P) = ¡ 1 + (3:1 § 0:5)®¤
K (B M S); (26)

where the error is due to the di®erent q2 dependence
of the two parametrizations.

4.2. K L ! e+ e¡ ° and K L ! e+ e¡ e+ e¡

The KTeV experiment has presented a prelimi-
nary analysis57 of the data collected in 1997. The
sample includes 93 383 K L ! e+ e¡ ° candidates.
Background from K e3 decays where a pion is mis-
identi¯ed as an electron are kept to less than 0.1%
by the use of a transition radiation detector. It is
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very important to understand the tracking for close
electron{positron pairs in order to determine the ac-
ceptance. The preliminary branching ratio

B R(K L ! e+ e¡ ° ) £ 106 =
10:19§ 0:04(stat ) § 0:07(syst) § 0:29(norm)

(27)

is in good agreement with the published NA48
value.58 The decay rate is dominated by the QED ra-
diativ e processesand the branching ratio is not very
sensitive to the kaon structure. In order to extract
the form factor, the q2 distribution has to be stud-
ied. In Fig. 18 the KTeV data are compared with
the simulation for di®erent values of ®¤

K . The data
prefer a mildly negative value.

Figure 18. The M (e+ e¡ ) distribution for K L ! e+ e¡ ° can-
didates as measured by KT eV (1997 statistics, preliminary),
compared with several Monte Carlo simulations as a function
of di®erent form factors.

Fitting for ®¤
K yields: ¡ 0:186§ 0:011§ 0:09. This

very precisemeasurement (7% relative error!) is in
good agreement with the value measuredby KTeV59

from K L ! ¹ + ¹ ¡ ° and disagreeswith the NA48
e+ e¡ ° measurement, ¡ 0:36, at a level of about 2.6
standard deviations.

Extraction of the form factor from the K L !
e+ e¡ e+ e¡ decay is complicated by the pairing am-
biguit y and by the small rate that prevents a precise
determination. The branching ratio measurement is
already limited by the knowledge of the normaliza-
tion channel. The preliminary measurement of the
branching ratio and of the form factor, basedon 1100

(1997+ 1999statistics) events wasreported to be:60

B R(K L ! e+ e¡ e+ e¡ ) =
(4:16§ 0:13§ 0:13§ 0:17) £ 10¡ 8;

(28)

®¤
K = ¡ 0:03§ 0:13§ 0:04: (29)

4.3. K L ! e+ e¡ ¹ + ¹ ¡

This is one of the ¯rst results published by KTeV
on the full 1997 and 1999 data.61 It is a very clean
measurement with 132events. Details of the analysis
can be found in the publication. Here we recall that
the measuredbranching ratio is

B R(K L ! e+ e¡ ¹ + ¹ ¡ ) =
(2:69§ 0:24§ 0:12) £ 10¡ 9:

(30)

A precise measurement of the form factor is pre-
vented by the small statistics:

®¤
K (¹¹ee ) = ¡ 0:19§ 0:11: (31)

Combining K L decays in ¹¹° , 4e, and ¹¹ee , KTeV
has given a ¯rst measurement of

®(D I P) = ¡ 1:53§ 0:10: (32)

4.4. Outlo ok

The current situation concerningthe K ¡ ° ¤° (¤) form
factor is summarized in Fig. 19. In the near future
new results should becomeavailable from the NA48
experiment. They are analyzing ee° and 4e collected
in 1998{1999and 2001. Data still look quite scat-
tered. The KTeV experiment hasperformedtwo pre-
cise measurements which agreebetween themselves
suggestinga consistent description of the form fac-
tor. It will be interesting to seeif the high statistics
measurements from NA48 will ¯nally con¯rm this
picture.
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Figure 19. Measurements of the ®¤
K form factor. Precise mea-

surements by KT eV on K L ! ¹ + ¹ ¡ ° and from K L ! e+ e¡ °
seemto suggesta coherent picture of otherwise scattered data.
Measurements from the full statistics of NA48 are eagerly
awaited.
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5. Nonleptonic Kaon Decays

5.1. K L ;S ! ° °

The study of the decays K S;L ! ° ° and K S;L !
¼0° ° is important for understanding the low-energy
hadron dynamics of Chiral Perturbation Theory
(ÂPT), since they are sensitive to higher order loop
e®ects.62 The K L modes have already been studied
precisely. The decay K L ! ¼0° ° is particularly
interesting becauseit can be used to bound CP-
conserving contributions to K L ! ¼0e+ e¡ , as ex-
plained earlier in this article. Unfortunately the two
most recent determinations do not quite agree63;15

and, given the importance of the measurement, fur-
ther experimental clari¯cation would be welcome.
Two measurements of the K L ! ° ° decay normal-
ized to K L ! 3¼0 have recently been published.
The K L ! ° ° reaction is interesting becauseit pro-
vides the normalization to the absorptive amplitude
of K L ! ¹ + ¹ ¡ . However, to fully exploit this good
precision on K L ! ° ° , the data should be normal-
ized to K L ! ¼0¼0.

On the K S side, signi¯cant progresshas taken
place and a precise measurement of K S ! ° ° and
the ¯rst observation of the decay K S ! ¼0° ° were
recently reported. The next sectionsbrie°y describe
the measurement of K L ! ° ° done by KLOE, the
precisemeasurement of K S ! ° ° and the ¯rst ob-
servation of K S ! ¼0° ° done by NA48/1.

5.2. K L ! ° ° and K S ! ° °

KLOE at the DA©N E Á factory exploits K S tag-
ging to study K L decays without having to subtract
the K S backgrounds. Basedon 1:6 £ 108 tagged K L

originating from from 109Á decays collected during
the year 2000 and 2001, KLOE has selected27 375
K L ! ° ° decays. The ° ° invariant mass M ° ° is
shown in Fig. 20. The background at low M ° ° is due
to K L ! 2¼0 and K L ! 3¼0 decays. The result,
normalized to K L ! 3¼0 is:64

¡( K L ! ° ° )=¡( K L ! ¼0¼0¼0) =
(2:79§ 0:02(stat ) § 0:02(syst)) £ 10¡ 3:

(33)

In good agreement with the NA48/1 published
result:16

¡( K L ! ° ° )=¡( K L ! ¼0¼0¼0) =
(2:81§ 0:01(stat ) § 0:02(syst)) £ 10¡ 3:

(34)
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Figure 20. To cope with large backgrounds from K L ! 2¼0

and K L ! 3¼0 decays, KLOE is obliged to imp ose that E ° =
M K =2 in the K L rest frame. The energy of the photons can
be boosted in the laboratory using the constrain t: ~p(K L ) =
~p(Á) ¡ ~p(K S).

The decay K S ! ° ° is especially interesting because
ÂPT predicts unambiguously that the branching ra-
tio is 2:25 £ 10¡ 6, with an error of less than 10%.
NA48/1 hasperformed a precisemeasurement of the
B R(K S ! ° ° ) from the data collected from a short
neutral beam in the year 2000. The short neutral
beam contains a K L ! ° ° component that can be
preciselysubtracted measuringthe K L °ux from the
number of reconstructed 3¼0 decays and exploiting
the preciseK L ! ° ° to K L ! 3¼0 ratio measured
by the sameexperiment employing a long beam. The
data is shown in Fig. 21. The NA48/1 K S ! ° ° re-
sult: 16

B R(K S ! ° ° ) =
(2:78§ 0:06(stat ) § 0:03(syst) § 0:02(ext))10¡ 6

(35)
has an accuracyof about 3%. It di®ersby 30%from
the O(p4) prediction of ÂPT. Progresson this mea-
surement and comparison with the theory is shown
in Fig. 22. This measurement was usedby Buchalla
et al.9 to extract one of the three counterterms that
appear in ÂPT at O(p6).

5.3. K S ! ¼0° °

The ¯rst observation of this decay was reported by
NA48/1 from the analysis of the 2000data.65 In the
decay K S ! ¼0° ° , the photon pair production is
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Figure 21. Decay vertex distribution for the K ° ° candidates
measured by NA48/1. Limiting the measurement to a few
meter long decay region keeps the background from K S !
2¼0 with missing photons in check. The irreducible component
due to K L can be precisely subtracted.
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Figure 22. Comparison of the NA48/1 measurement of
B R(K S ! ° ° ) with respect to previous measurements and
the theoretical predictions.

described by an amplitude dominated by a pseudo-
scalar meson pole. In ÂPT this pole is dominated
by ¼0 contribution, and the lowest order amplitude
is non-vanishing, in contrast to the similar K L ! ° °
decay. The theoretical prediction for the branch-
ing ratio is 3:8 £ 10¡ 8 with higher order corrections
expected to be small66 and is quoted in the kine-
matic region z = m2

° ° =m2
K > 0:2 which is free

from the overwhelming K S ! ¼0¼0 background. A
measurement of the branching ratio can provide in-
formation about the presenceof extra non-pole con-
tributions studied for example by Bijnens et al..67

In addition, the momentum dependenceof the weak
vertex which is predicted by ÂPT can be tested by
the measured shape of the z spectrum. The low-
est previously published limit on the branching ra-
tio is B R(K S ! ¼0° ° )z> 0:2 < 3:3 £ 10¡ 7 at the
90% con¯dence level.68 The main di±cult y in an-
alyzing the NA48 data from 2000 was the lack of
tracking chambers and the consequent di±cult y to
veto ¼0 ! e+ e¡ ° decays with a missing parti-
cle. In Fig. 23 the data is shown with the sum of
the background contributions and the excessdue to
K S ! ¼0° ° .

The result, for zq = q2=M 2
k > 0:2 is:

B R(K S ! ¼0° ° ) =
(4:9 § 1:6(stat ) § 0:9(syst)) £ 10¡ 8 (36)

in agreement with the theoretical prediction66 of
3:8 £ 10¡ 8.
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Figure 23. The invariant mass of the two photons forming
a ¼0 . The data is compared with the sum of the predicted
background and the K S ! ¼0° ° excess.
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6. The Future

New kaon experimental initiativ es are planned and
signi¯cant progressis expected soon. The NA48/2
experiment69 at CERN is collecting simultaneous
K + and K ¡ decays to search for direct CP-violation
in the Dalitz plot slope asymmetry. They will also
addressthe study of ¼¼s-wave scattering by study-
ing a largesampleof K e4 decays. In doing so,several
rare and medium-rarekaondecays will be thoroughly
studied. Fig. 24 shows a sample of approximately
2800 K § ! ¼§ e+ e¡ collected by NA48/2 in just
one month of data taking. Given that B R(K § !
¼§ e+ e¡ ) ' 3£ 10¡ 7, the ¯gure clearly demonstrates
the capabilities of the experiment.

Figure 24. This K § ! ¼§ e+ e¡ sample (preliminary) was
collected by NA48/2 in about one month. It corresponds to
about 1=4 of the world statistics.

Similar sensitivities on charged kaon decays are
expectedby the OKA experiment at Protvino. CKM
at FNAL hasproposed70 to collect 100K + ! ¼+ º º
from decays in °igh t. The principle of the experiment
is to make redundant measurements employing both
magnetic spectrometers and tracking RICH's. The
experiment is designedto work with a separatedkaon
beam of 22 GeV/c momentum. The beam design
employs superconducting RF cavities of which a full
protot ype has already been built. Other challenges
of CKM are the operation of straw tubesin vacuum
and the capability to veto photons with very high
e±ciency. Both these detector aspects have been
successfullyprotot yped by the Collaboration. The
experimental situation on K L ! ¼0º º is poised to
improve soon. In 2004E391a71 will be the ¯rst ded-
icated experiment to search for K L ! ¼0º º . The
experiment, which exploits a very well de¯ned neu-
tral pencil beam at the KEK PS and relies on the
hermeticity of its veto system, aims to reach a SES

of about 3 £ 10¡ 10. It is a pilot experiment for fur-
ther initiativ es at J-PARC. KOPIO72 at BNL aims
to collect about 60 K L ! ¼0º º SM events with a
signal-to-background ratio of about 2. The design
is based on the principle of measuring as much as
possibleof the incoming K L and the outgoing ¼0. A
micro-bunched proton beam from the AGS coupled
with the use of low energy K L determines the kaon
energyby time of °igh t, allowing one to work in the
rest frame of the kaon. Energy, impact position, and
direction for each of the two photons from the ¼0

decay will be measured.
I wish to conclude this article by stressing the

complementarit y between the direct searches per-
formed at the energy frontier (at the Tevatron now
and later at the LHC) and the precision measure-
ments involving rare virtual processes.I believe that
the interest for rare processeswill remain or even
increase once new phenomenology appears at the
colliders. For example, the Minimal Supersymmet-
ric Standard Model allows 43 CP-violating phases.73

Limiting the parameter spaceby means of experi-
mental information will remain fundamental. Inter-
estingscenarioson the interplay betweennewphysics
and rare kaon decays are described by Grossmanin
theseproceedings.74
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DISCUSSION

Ik aros Bigi (University of Notre Dame):

There is a KEK experiment analyzing the muon
transversepolarization in K ¹ 3 decays. What is
the status of their analysis and what are their
plans?

Augusto Ceccucci : Transversemuon polarization
is a sensitive probe of non-standard CP-
violation. I have not reviewed the KEK-E246
experiment becauseit is beyond the scope of a
rare kaon decay talk. However, I am not aware
of new results from that experiment since the
KA ON2001meeting.

Rob ert Tschirhart (Fermilab): How is a limit
placed on ´ from K L ! ¼0e+ e¡ limit and
K S ! ¼0e+ e¡ measurement? What is assumed
about the relative phasebetweenK S and K L ?

Augusto Ceccucci : Sincethe K L ! ¼0e+ e¡ limit
is much larger than the indirect CP-violation
implied by the K S measurement, the K L !
¼0e+ e¡ dominatesthe limit on ´ . In the ¯gure I
presented, which was prepared by Gino Isidori,
constructive interferenceis assumed.


