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1. Introduction

1.1. Kmesons and strangeness

K mesons were discovered in 1944 in the cosmic radiation
[1]

and have been responsible

for many new ideas in particle physics. K mesons led to the the concept of strangeness

and avor mixing in the weak interactions. Parity violation was �rst observed through the

�{� decay modes of K mesons. All these concepts are fundamental parts of the standard

model, SM.

The strange properties, of K mesons and certain other particles, the hyperons, led to

the introduction of a new quantum number, the strangeness, S.
[2]

Strangeness is conserved

in strong interactions while �rst order weak interaction can induce transitions in which

strangeness is changed by one unit. Today we describe these properties in terms of quarks

with di�erent \avors", �rst suggested in 1964 independently by Gell-Mann and Zweig.
[3]

The \normal particles" are bound states of q�q, the mesons, or of qqq, baryons, where

q =

 
u

d

!
=

 
up

down

!
:

K's, hyperons and hypernuclei contain a strange quark, s:

K0 = d�s

K+ = u�s

S = +1

K0 = �ds

K� = �us

S = �1
Assigning negative strangeness to the strange quark s is totally arbitrary but maintains

today the original assignment of positive strangeness for K0, K+ and negative for the �

and � hyperons and for K0 and K�. An important consequence of the fact that K mesons

carry strangeness, a new additive quantum number, is that the neutral K and anti neutral

K meson are distinct particles:

CjK0 i = jK0 i; SjK0 i = jK0 i; SjK0 i = �jK0 i
An apocryphal story says that upon hearing of this hypothesis, Fermi challenged Gell-

Mann to devise an experiment which shows an observable di�erence between theK0 and the

K0. Today we know that it is trivial to do so. For example, the process p�p ! ��K+K0,

produces K0's which interact with matter in a totally di�erent manner than the K0's

produced in p�p! �+K�K0.

Since the �fties K mesons have been produced at accelerators, �rst amongst them was

the Cosmotron.

1.2. Mass and CP eigenstates

While the strong interactions conserve strangeness, the weak interactions do not. In

fact, not only do they violate S with �S = 1, they also violate charge conjugation, C,

and parity, P , though except for a very peculiar case as we shall see, not the combined
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CP symmetry. We assume for now that CP is a symmetry of the world. We de�ne an

arbitrary, unmeasurable phase by:

CP jK0 i = jK0 i
Then the physical mass eigenstates are:

[4]

jK1 i � jK0 i+ jK0 ip
2

jK2 i � jK0 i � jK0 ip
2

;

(1)

where K0
1 has CP=+1 and K0

2 has CP=�1. While K0 and K0 are degenerate states, as

required by CPT invariance, the weak interactions, which induces to second order K0$K0

transitions, induces a small mass di�erence between K0
1 and K0

2 . We expect �m � �, since

the decay is a �rst order process, but we must take the square of the appropriate matrix

element while the mass di�erence is just the second order matrix element.

1.3. K0
1 and K0

2 lifetimes and mass di�erence

K-mesons have numerous decay modes. For neutral K's one of the principal decay

modes is into two or three pions. The relevant properties of the neutral two and three pion

systems with zero total angular momentum are given below.

1. �+��, �0�0: P = +1; C = +1; CP = +1:

2. �+���0: P = �1; C = (�1)l; CP = �1, where l is the angular momentum of the

charged pions in their center of mass. States with l > 0 are suppressed by the angular

momentum barrier.

3. �0�0�0: P = �1; C = +1; CP = �1: Bose statistics requires that l for any pion

pair be even in this case.

If the total Hamiltonian conserves CP , i.e. [H;CP ] = 0, the decays of the K1's and

K2's must conserve CP . Thus the K1's with CP = 1, must decay into two pions (and

three pions in an l = 1 state, surmounting an angular momentum barrier), while the K2's

with CP = �1, must decay into three pion �nal states. Since the energy available in the

two pion decay mode is approximately 220 MeV, while that for the three pion decay mode

is only about 90 MeV, the lifetime of the K1 is much much shorter than that of the K2.

The �rst veri�cation of the above consideration was obtained as early as 1956 by Led-

ermann et al.
[5]

who observed that, in fact, neutral K mesons were still present at times

much larger than the then accepted value of the neutral K lifetime, which was in fact the

K0
1 lifetime. Today we know, ignoring for the moment CP violation,

�1 = (0:892 � 0:002) � 10�10 s�1

�2 = (1:72 � 0:02�)10�3 � �1

�m = m(K2)�m(K1) = (0:477 � 0:003) � �1:

(2)
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1.4. Strangeness oscillations

The mass eigenstates K0
1 and K0

2 evolve in vacuum and in their rest frame according

to

i
d

dt
	 = H	 =M ; (3)

where the complex mass M1;2 = m1;2 � i�1;2=2, with � = 1=� . The state evolution is

therefore given by:

jK1;2; t i = jK1;2; t = 0 ie�i(m1;2��1;2=2)t

If the initial state has de�nite strangeness, say it is a K0 as from the production process

��p! K0�0, it must �rst be rewritten in terms of the mass eigenstates K0
1 and K0

2 which

then evolve in time as above. Since the K0
1 and K0

2 amplitudes change di�erently in time,

the pure S=1 state at t=0 acquires an S=�1 component at t > 0. Using equations (1) the

wave function at time t is:

	(t) =
p
1=2
�
e(im1��1=2)tjK1 i + e(im2��1=2)tjK2 i

�
= 1=2

��
ei(m1��1=2)t + ei(m2��2=2)t

�jK0 i + �ei(m1��1=2)t � ei(m2��2=2)t
�jK0 i�:

The intensity of K0 (K0) at time t is given by:

I(K0 (K0); t) = jhK0 (K0)j	(t) ij2 = 1

4

�
e�t�1 + e�t�2 + (�)2e�t(�1+�2)=2

�
cos�mt

which exhibits oscillations whose frequency depends on the mass di�erence, see �g. 1.

Figure 1. Evolution in time of a pure S = 1 state at time t = 0.
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The appearance of K0's from an initially pure K0 beam can be detected by the production

of hyperons, according to the reactions

K0p! �+�0; ! �+�+; ! �0�+;

K0n! �0�0; ! �0�0; ! ����:

and the KL-KS mass di�erence can be obtained from the oscillation frequency.

1.5. Regeneration

Another interesting, and extremely useful phenomenon, is that it is possible to regen-

erate K1's by placing a piece of material in the path of a K2 beam. Let's take our standard

reaction,

��p! K0�0;

the initial state wave function of the K0's is

	(t = 0) � jK0 i = jK1 i + jK2 ip
2

:

Note that it is composed equally of K1's and K2's. The K1 component decays away quickly

via the two pion decay modes, leaving a virtually pure K2 beam. This K2 beam has equal

K0 and K0 components, which interact di�erently in matter, for example, theK0's undergo

elastic scattering, charge exchange etc. whereas the K0's can in addition produce hyperons

via strangeness conserving transitions. Thus we have emerging, from a target material

placed in front of the K2 beam, see �g. 2, an apparent rebirth of K1's!

Figure 2. K0
1 regeneration.

Virtually all past and present experiments, with the exception of a couple which will be

mentioned explicitly, use this method to obtain a source of K0
1 's (or KS 's, as we shall see

later). Denoting the amplitudes for K0 and K0 scattering on nuclei by f and �f respectively,

the scattered amplitude for an initial K0
2 state is given by:p

1=2(f jK0 i � �f jK0 i) = f + �f

2
p
2
(jK0 i � jK0 i) + f � �f

2
p
2
(jK0 i + jK0 i)

= 1=2(f + �f )jK2 i+ 1=2(f � �f)jK1 i:
The so called regeneration amplitude for K0

2!K0
1 , f21 is given by 1=2(f � �f) which of

course would be 0 if f = �f .
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Another important property of regeneration is that when the K0
1 is produced at non-

zero angle to the incident K0
2 beam, regeneration on di�erent nuclei in a regenerator is

incoherent, while at zero degree the amplitudes from di�erent nuclei add up coherently.

The intensity for coherent regeneration depends on the K0
1 , K

0
2 mass di�erence. Precision

mass measurements have been performed by measuring the ratio of coherent to di�raction

regeneration. The interference of K0
1 waves from two or more generators has also allowed

us to determine that the K0
2 meson is heavier than the K0

1 meson. This perhaps could be

expected but is nice to have it measured.

K0
1 and K0

2 amplitudes after regeneration are coherent and can interfere if CP is vio-

lated.

2. CP Violation in Two Pion Decay Modes

2.1. Discovery

For some years after the discovery that C and P are violated in the weak interactions,

it was thought that CP might still be conserved. CP violation was discovered in '64,
[6]

through the observation of the unexpected decay K0
2!�+��. This beautiful experiment is

conceptually very simple, see �g. 3.

Figure 3. The setup of the experiment of Christenson et al..

Let a K0
2 beam pass through a long collimator and decay in an empty space (actually a

big helium bag) in front of two spectrometers. The decay products are viewed by spark

chambers and scintillator hodoscopes in the spectrometers placed on either side of the beam.

Two pion decay modes are distinguished from three pion and leptonics decay modes by the

reconstructed invariant mass M��, and the direction � of their resultant momentum vector

relative to the beam. In the mass interval between 490 MeV and 510 MeV, 50 events were
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found which were exactly collinear with the beam (cos � > 0:999), which demonstrated

for the �rst time that K0
2 's decayed into two pions, with a branching ratio of the order

1/10�3, thus CP is shown to be violated! The CP violating decay KL!�0�0 has also been

observed.

2.2. Neutral K Decays with CP Violation

Since CP is violated in K decays, the mass eigenstates are no more CP eigenstates

and can be written, assuming CPT invariance, as:

jKS i =
jK0

1 i+ �jK0
2 ip

1 + j�j2

jKL i =
jK0

2 i+ �jK0
1 ip

1 + j�j2
(4)

with j�j = (2:259 � 0:018) � 10�3 from experiment. Note that the KS and KL states are

not orthogonal states, contrary to the case of K0
1 and K0

2 . Equation (3) can be rewritten,

to lowest order, as:

d

dt
jKS;L i = �iMS;LjKS;L i; MS;L =MS;L � i�S;L=2

and the values of masses and decay widths given in eq. (2) belong to KS and KL rather

than to K0
1 and K0

2 .

Since 1964 we have been left with an unresolved problem: is CP violated directly in K0

decays, i.e. is the j�Sj=1 amplitude h��jK2 i 6= 0 or the only manifestation of CnPn is to

introduce a small impurity of K1 in the KL state, via K0$K0, j�Sj=2 transitions? With

the standard de�nitions, using the phase choice of Wu and Yang,
[7]

the two pion decay

amplitude ratios �'s can be written as

h�+��jKL i
h�+��jKS i

=�+� = �� 2�0

h�0�0jKL i
h�0�0jKS i

=�00 = �+ �0
;

where � is de�ned above and �0 is essentially

A(K0
2 ! ��)

A(K0
1 ! ��)

:

The question above is then the same as: is �0 6= 0?

Since 1964, experiments searching for a di�erence in �+� and �00 have been going

on. If �+� 6= �00 the ratios of branching ratios for KL; S!�+�� and �0�0 are di�erent.

Most experiments measure the quantity R, the so called double ratio of the four rates for

KL; S!�0�0,�+��, which is related, to lowest order in � and �0, to � and �0 by

R � �(KL ! �0�0)=�(KS ! �0�0)

�(KL ! �+��)=�(KS ! �+��)
�
��� �00
�+�

���2 = 1� 6<(�0=�):

Observation of R 6= 0 is proof that <(�0=�)6=0 and therefore of \direct" CP violation, i.e.
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that the amplitude for j�Sj=1, CP violating transitions A(K2 ! 2�) 6= 0.

All present observations of CP violation, CnPn for short, i.e. the decays KL!2�, �+��

and the charge asymmetries inK`3 decays are examples of so called \indirect" violation, due

to j�Sj=2 K0$K0 transitions introducing a small CP impurity in the mass eigenstates

KS and KL. Because of the smallness of �0, most formula given above for K0
1 and K0

2

remain valid substituting K0
1!KS and K0

2!KL.

There is no new information on direct CnPn from the last round of precision experiments.

One of the two, NA31, was performed at CERN and reported a tantalizing positive result.
[8]

NA31 alternated KS and KL data taking by the insertion of a KS target every other

run, while the experimental apparatus collected both charged and neutral two pion decay

modes simultaneously. The other experiment, E731, was done at Fermilab and reported an

essentially null result.
[9]

E731 had a �xed thickKS target in front of one of the two parallel

KL beams which entered the detector which, however, collected alternately the neutral and

charged two pion decay modes.

Therefore, at present we are confronted with the following experimental situation:

<(�0=�) =(23�6.5)�10�4
<(�0=�) =(7.4�5.9)�10�4

Taking the Particle Data Group's
[10]

average at face value, we could say that the con�dence

level that 0 < <(�0=�) < 3�10�3 is 94%. We will come back to what is being done to

overcome this problem.

3. CP violation in other modes

3.1. Semileptonic decays

K-mesons also decay semileptonically, into a hadron, with charge Q and strangeness

zero, and a pair of lepton-neutrino. These decays at quark levels are due to the elementary

processes

s! W�u! `���u

�s! W+�u! `+��u

which for the physical K-mesons correspond to the decays

K0 !��`+�; �S = �1; �Q = �1
K0 !�+`���; �S = +1; �Q = +1

K0 !��`+�; �S = +1; �Q = �1
K0 !�+`���; �S = �1; �Q = +1

Therefore K0 should decay only to `+ and K0 to `�. This is commonly referred to as

the �S = �Q rule, experimentally established in the very early days of strange particle

studies.
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The leptonic asymmetry

A` =
`� � `+

`� + `+

in KL decays should therefore be 2<��p2�. The measured value of A` for KL decays is

(0.327�0.012)%, in good agreement with the above expectation, a proof that CP violation

is in the mass term.

In a situation where the neutral K-mesons are produced in a strangeness tagged state

as in

p+ �p! K +K� + ��

the charge of the charged kaon (pion) de�nes the strangeness of the neutral K. In the

leptonic kaon decay, assuming the �S = �Q rule, the lepton charge de�nes the strangeness

of the neutral K.

3.2. CP violation in KS decays

So far CP violation has only been seen in KL decays (KL ! �� and semileptonic

decays). At a �{factory such as DA�NE, where O(1010) KS/y are produced, one can look

for KS ! �0�0�0, the counterpart to KL ! ��. The branching ratio for this process is

proportional to �+�0000 where �
0
000 is a quantity similar to �0, signalling direct CP violation.

It is not as suppressed as the normal �0, perhaps a factor of twenty less. Nonetheless, as the

expected BR is 2� 10�9, the whole signal will be at the 30 event level, and therefore there

is here only the possibility to see the CP impurity of KS , never observed before, not direct

CP violation. The current limit on this BR is 3:7� 10�5. Finally the leptonic asymmetry

A`(KS) in KS decays has never been measured. The expected value is 3.2�10�4 and at

DA�NE it can be measured to an accuracy of �2.5�10�4. Again this would be only a

measurement of �, not �0, but the observation for the �rst time of CP violation in two new

channels of KS decay would be nonetheless of considerable interest.

3.3. CP violation in charged K decays

Evidence for direct CP violation can be also be obtained from the decays of charged K

mesons. CP invariance requires equality of the partial rates for K� ! ���+�� (��) and

for K� ! ���0�0 (� 0�). With the luminosities obtainable at DA�NE one can improve the

present rate asymmetry measurements by two orders of magnitude. There, one could also

observe di�erences in the Dalitz plot distributions for K+ and K� decays in both the �

and � 0 modes and reach sensitivities of �10�4. Finally, di�erences in rates in the radiative

two pion decays of K�, K�!���0, are also proof of direct CP violation.

4. CP violation at a �{factory

4.1. e+e�!�, �! K0K0

The cross section for production of a bound q�q pair of mass M and total width � with
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JPC = 1�� i.e. a so vector meson V in e+e� annihilation (see �g. 4) is given by:

�q�q;res =
12�

s

�ee�M
2

(M2 � s)2 +M2�2
=

12�

s
BeeBq�q

M2�2

(M2 � s)2 +M2�2

e
-

e
+

g V

q

q

Figure 4. Amplitude for production of a bound q�q pair.

The � meson is a s�s 3S1 bound state with JPC=1�� same as a photon. The cross section

for its production in e+e� annihilations at 1020 MeV is

�s�s(s = (1:02)2 GeV2) � 12�

s
Bee = 36:2 � (1:37=4430) = 0:011 GeV�2 � 4000 nb

The Frascati �{factory, DA�NE, will have a luminosity L = 1033 cm�2 s�1 = 1 nb�1s�1.

Integrating over one year, taken as 107 s or one third of a calendar year, we �ndZ
1 y

Ldt = 107 nb�1;

corresponding to the production at DA�NE of �4000 � 107 = 4 � 1010 � mesons per year

or approximately 1.3�1010 K0, K0 pairs, a large number indeed. One of the advantages of

studying K mesons at a �{factory is that they are produced in a well de�ned quantum and

kinematical state. Neutral K mesons are produced in collinear pairs, with a momentum

of about 110 MeV/c, thus detection of one K gives the direction of the other. In addition

in the reaction e+e� ! \" ! � ! K0K0, C(K0K0) = C(�) = C() = �1: Let
j i i=jKK; t = 0; C = �1 i, then:

j i i = jK0;p ijK0;�p i � jK0;p ijK0;�p ip
2

From eq. (4) the relations between KS , KL and K0, K0, to lowest order in �, are:

jKS (KL) i =
(1 + �)jK0 i + (�)(1� �)jK0 ip

2
; jK0 (K0) i = jKS i+ (�)jKL i

(1 + (�)�)
p
2

from which

j i i = 1p
2

�jKS ;�p ijKL;p i � jKS ;p ijKL;�p i
�

so that the neutral kaon pair produced in e+e� annihilations is a pure K0, K0 as well as a

pure KS , KL for all times, in vacuum. This is valid to all orders in � and also for CnPnTn .
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4.2. Correlations in KS , KL decays

To obtain the amplitude for decay of K(p) into a �nal state f1 at time t1 and of K(�p) to
f2 at time t2, see the diagram in �g. 5, we time evolve the initial state in our usual way:

j t1; p; t2; �p i = 1 + j�2j
(1� �2)

p
2
��

jKS (�p) ijKL(p) ie�i(MSt2+MLt1) � jKS(p) ijKL(�p) ie�i(MSt1+MLt2)
�

� � �t1 t2

KS , KL KL, KS

f1 f2

�

Fig. 5. �!KL, KS!f1 ,f2

where MS;L = MS;L � i�S;L=2 are the complex KS , KL masses. In terms of the previ-

ously mentioned ratios �i = h fijKL i=h fijKS i and de�ning �t = t2 � t1, t = t1 + t2,

�M =ML �MS andM =ML+MS we get the amplitude for decay to states 1 and 2:

A(f1; f2; t1; t2) = h f1jKS ih f2jKS ie�iMt=2
�
�1e

i�M�t=2 � �2e
�i�M�t=2

�
=
p
2: (5)

This implies A(e+e� ! �! K0K0 ! f1f2) = 0 for t1 = t2 and f1 = f2 (Bose statistics).

For t1 = t2, f1 = �+�� and f2 = �0�0 instead, A / �+� � �00 = 3 � �0 which suggests a

(unrealistic) way to measure �0. The intensity for decay to �nal states f1 and f2 at times

t1 and t2 obtained taking the modulus squared of eq. (5) depends on magnitudes and

arguments of �1 and �2 as well as on �L;S and �M . The intensity is given by

I(f1; f2; t1; t2) = jh f1jKS ij2jh f2jKS ij2e��S t=2��j�1j2e�S�t=2 + j�2j2e��S�t=2 � 2j�1jj�2j cos(�mt+ �1 � �2)
�

where we have everywhere neglected �L with respect to �S . Thus the study of the decay

of K pairs at a �{factory o�ers the unique possibility of observing interference patterns

in time, or space, in the intensity observed at two di�erent points in space. This fact is

the source of endless excitement and frustration to some people. Rather than studying

the intensity above, which is a function of two times or distances, it is more convenient

to consider the once integrated distribution. In particular one can integrate the intensity

over all times t1 and t2 for �xed time di�erence �t = t1 � t2, to obtain the intensity as a

function of �t. Performing the integrations yields, for �t > 0,

I(f1; f2; �t) =
1

2�
jhf1jKS ihf2jKS ij2��
j�1j2e��L�t + j�2j2e��S�t � 2j�1jj�2je���t=2 cos(�m�t+ �1 � �2)

�
and a similar expression is obtained for �t < 0.
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The interference pattern is quite di�erent according to the choice of f1 and f2 as illus-

trated in �gs. 6-8.

0

0.2

0.4

0.6

0.8

1

1.2

-15 -10 -5 0 5 10 15
 ∆t=(t1-t2)/τs

I(
∆t

) 
(a

.u
.)

0

0.5

1

1.5

2

2.5

3

3.5

-30 -20 -10 0 10 20 30
 ∆t=(t1-t2)/τs

I(
∆t

) 
(a

.u
.)

Fig. 6. Interference for f1=�
+��,f2=�

0�0. Fig. 7. Interference for f1 = `�; f2 = `+.

One can thus perform a whole spectrum of precision \kaon-interferometry" experiments

at DA�NE by measuring the above decay intensity distributions for appropriate choices of

the �nal states f1; f2. Four examples are listed below.

1. With f1=f2 one measures �S , �L and �m, since all phases cancel. Rates can be

measured with a �10 improvement in accuracy and �m to ��2.

2. With f1=�
+��, f2=�

0�0, one measures <(�0=�) at large time di�erences, and =(�0=�)
for j�tj � 5�s. Fig. 6 shows the interference pattern for this case. The strong

destructive interference at zero time di�erence is due to the antisymmetry of the

initial KK state, decay amplitude phases being identical.

3. With f1 = �+`�� and f2 = ��`+�, one can measure the CPT{violation parameter �,

see our discussion later concerning tests of CPT . Again the real part of � is measured

at large time di�erences and the imaginary part for j�tj � 10�s. Fig. 7 shows the

interference pattern. The destructive interference at zero time di�erence becomes

positive since the amplitude for K0!`+ has opposite sign to that for K0!`� thus

making the overall amplitude symmetric.

4. For f1 = 2�, f2 = �+`�� or ��`+�, small time di�erences yield �m, j���j and ���,
while at large time di�erences, the asymmetry in KL semileptonic decays provides

tests of T and CPT . The vacuum regeneration interference is shown in �g. 8.
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Fig. 8. Interference pattern for f1 = 2�; f2 = `�.

5. CP violation in the standard model

The Standard Model has a natural place for CP violation (Cabibbo, Kobayashi-Maskawa,

Maiani). A phase can be introduced in the unitary matrix V which mixes the quarks0
B@
d0

s0

b0

1
CA =

0
B@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
CA
0
B@
d

s

b

1
CA

but the theory does not predict the magnitude of the e�ect. The constraint that the mixing

matrix be unitary corresponds to the desire of having a universal weak interaction. Our

present knowledge of the magnitude of the Vij elements is given below.0
B@
0:9745 � 0:9757 0:219 � 0:224 0:002 � 0:005

0:218 � 0:224 0:9736 � 0:9750 0:036 � 0:047

0:004 � 0:014 0:034 � 0:046 0:9989 � :9993

1
CA

The diagonal elements are close but de�nitely not equal to unity. If such were the case

there could be no CP violation.

However, if the violation of CP which results in � 6= 0 is explained in this way then, in

general, we expect �0 6= 0. For technical reasons, it is di�cult to compute the value of �0.

Predictions are �0=� � 10�3, but cancellations can occur, depending on the value of the top

mass and the values of appropriate matrix elements, mostly connected with understanding

the light hadron structure.
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A fundamental task of experimental physics today is the determination of the four

parameters of the CKM mixing matrix, including the phase which results in CnPn . A knowl-

edge of all parameters is required to confront experiments. Rather, many experiments are

necessary to complete our knowledge of the parameters and prove the uniqueness of the

model or maybe �nally break beyond it. As it happens rare K decays can be crucial to

this task. We will therefore discuss the following topics: recent measurements of KS , KL

parameters and searches for symmetry violations; new rare K decay results; other searches

for CnPn and Tn as well as present limits on CnPn Tn . We will also briey describe perspectives

for developments in the near future.

To this end it is convenient to parameterize the mixing matrix above in a way which

reects more immediately our present knowledge of the value of some of the elements and

has the CP violating phase appearing in only two o�-diagonal elements. TheWolfenstein
[11]

approximate parameterization of the mixing matrix expanded up to �3 is0
B@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
CA =

0
B@

1 � �2

2 � A�3(� � i�)
�� 1 � �2

2 A�2

A�3(1� �� i�) �A�2 1

1
CA :

�=0.2215�0.0015 is the Cabibbo angle, a real number describing mixing of s and d quarks.

A, also real, is close to one A�0.84�0.06 and j� � i�j�0.3. CP violation occurs only if �

does not vanish. � and � are not really known. Several constraints on � and � can however

be obtained from the values of measured parameters. The value of � can be calculated from

the �S=2 amplitude of �g. 9, the so called box diagram. At the quark level the calculations

is straightforward, but complications arise in estimating the correct matrix element between

K0 and K0 states. Apart from the uncertainties in these estimates � depends on � and �

as:

j�j = a� + b��

which is a hyperbola in the �; � plane whose central value is shown in �gure 16. The

calculation of �0 is more complicated. There are three �S=1 amplitudes that contribute to

K!�� decays:

A(s! u�ud) / UusU
�

ud � � (6)

A(s! c�cd) / UcsU
�

cd � ��+ i�A2�5 (7)

A(s! t�td) / UtsU
�

td � �A2�5(1 � �+ i�) (8)

where the amplitude (6) correspond to the natural way for computing K!�� in the stan-

dard model and the amplitudes (7), (8) account for direct CnPn . If the latter amplitudes were

zero there would be no direct CP violation in the standard model. The avor changing neu-

tral current (FCNC) diagram of �g. 10 called, for no good reason in the world, the penguin

diagram, contributes to the amplitudes (7), (8). The calculation of the hadronic matrix

elements is even more di�cult because there is a cancellation between the electroweak (,
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Z) and the gluonic penguins, for mt around 200 GeV, close to the now known top mass.

Estimates of <(�0=�) range from few�10�3 to 10�4.

Fig. 9. Box diagram for K0
!K0. Fig. 10. \Penguin" FCNC diagram.

6. New Measurements of the Neutral Kaon Properties

6.1. CPLEAR

The CPLEAR experiment
[12]

studies neutral K mesons produced in equal numbers in

proton-antiproton annihilations at rest:

p�p!K��+K0 BR=2�10�3
!K+��K0 BR=2�10�3

The charge of K�(��) tags the strangeness S of the neutral K at t=0. They have recently

presented several new results
[13;14]

from studying �+��, �+���0 and ��`���(�) �nal states.

Their measurement of the KL{KS mass di�erence �m is independent of the value of �+�,

unlike in most other experiments. They have improved limits on the possible violation of

the �S = �Q rule, quanti�ed by the amplitude's ratio x = A(�S = ��Q)=A(�S = �Q),

without assuming CPT invariance. A direct test of CPT invariance has also been obtained.

The data require small corrections for background asymmetry �1%, di�erences in tagging

e�ciency, "(K+��)�"(K��+)�10�3 and in detection, "(�+e�)�"(��e+)�3�10�3. They
also correct for some regeneration in the detector.

6.1.1 K0(K0)! e+(e�)

Of particular interest are the study of the decays K0(K0) ! e+(e�). One can de�ne

the four decay intensities:

I+(t) for K0 ! e+

I
�
(t) for K0 ! e�

o
�S = 0

I
+
(t) for K0 ! e+

I�(t) for K0 ! e�

o
j�Sj = 2

where �S = 0; 2 mean that the strangeness of the decaying K is the same as it was at

t=0 or has changed by 2, because of K0 $ K0 transitions. One can then de�ne four

15



asymmetries:

A1(t) =
I+(t) + I

�
(t)� (I

+
(t) + I�(t))

I+(t) + I
�
(t) + I

+
(t) + I�(t)

A2(t) =
I
�
(t) + I

+
(t)� (I+(t) + I�(t))

I
�
(t) + I

+
(t) + I+(t) + I�(t)

AT (t) =
I
+
(t)� I�(t)

I
+
(t) + I�(t)

; ACPT (t) =
I
�
(t)� I+(t)

I
�
(t) + I+(t)

From the time dependence of A1 they obtain: �m = (0:5274 � 0:0029 � 0:0005) � 1010

s�1, a result which is independent of �+� and <x = (12:4 � 11:9 � 6:9) � 10�3, without

assuming CPT . From A2 and assuming CPT they obtain =x = (4:8�4:3)�10�3, a result

�5 times more stringent than the PDG94 world average. AT gives a direct measurement

of T violation. Assuming CPT , the expected value for AT is 6.52�10�3. The CPLEAR

result is AT = (6:3 � 2:1 � 1:8) � 10�3. From a study of the CPT violating asymmetry,

ACPT (t), they obtain <�CPT = (0:07� 0:53� 0:45)� 10�3. We will come back later to the

de�nition of �CPT , which we will simply call �.
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τ/τS
Fig. 11. Decay distributions for K0and K0.
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6.1.2 �+�� Final State

From an analysis of 1.6�107 �+�� decays of K0 and K0 they determine j�+�j =
(2:312� 0:043� 0:03� 0:011�S )� 10�3 and �+� = 42:6� � 0:9� � 0:6� � 0:9��m. The errors

in the values quoted reect uncertainties in the knowledge of the KS lifetime and the KS{

KL mass di�erence, respectively. Fig. 11 shows the decay intensities of K0 and K0, while

�g. 12 is a plot of the time dependent asymmetry A+� =
�
I(K0 ! �+��) � �I(K0 !

�+��)
�
=
�
I(K0 ! �+��) + �I(K0 ! �+��)

�
. Most systematics cancel in the ratio and

the residual di�erence in e�ciencies for K0 and K0 decays is determined from a �t to the

same data: � = 0:9989 � 0:0006.
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Fig. 12. Di�erence of decay distributions for K0and K0.

6.1.3 �+���0 Final States

Studies of K0-K0!�+���0 decays give the results <�+�0 = (�4� 17� 3)� 10�3 and

=�+�0 = (�16� 20� 8)� 10�3, where �+�0 = A(KL ! �+���0)=A(KS ! �+���0). By

setting <�+�0 = <�+� they obtain =(�+�0 = (�11 � 14 � 8) � 10�3. These results are

signi�cantly more precise than any previous ones.

For completeness the results by E621 at FNAL for K!�+���0 must be mentioned.
[15]
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In this experiment the CP conserving amplitude A(KS!�+���0) is measured, obtaining

j��+���0 j =
���A(KS ! �+���0; I = 2)

A(KL ! �+���0)

��� = 0:035+0:019
�0:011 � 0:004

�� = �59� � 48�

BR(KS ! �+���0) = (3:9+0:54+0:8
�1:8�0:7 )� 10�7

=(�+�0) = �0:015 � 0:017 � 0:025; assuming <(�+�0) = <(�):

6.2. E773 at FNAL

E773 is a modi�ed E731 setup, with a downstream regenerator added. New results have

been obtained on �m, �S , �00� �+� and �+� from a study of K!�+��, �0�0 decays.
[16]

6.2.4 Two Pion Final States

This study of K!�� is a classic experiment where one beats the amplitude A(KL !
��
�
i
)=�iA(KS ! ��) with the coherently regenerated KS!�� amplitude �A(KS ! ��),

resulting in the decay intensity

I(t) =j�j2e��St + j�j2e��Lt+
2j�jj�je��t cos(�mt+ �� � �+�)

Measurements of the time dependence of I for the �+�� �nal state yields �S , �L, �m

and �+�. They give the following results: �S = (0:8941 � 0:0014 � 0:009)�10�10 s setting

�+� = �SW = tan�1 2�m=�� and oating �m; �m = (0:5297 � 0:0030 � 0:0022)�1010
s�1 using for �S the PDG94 value, leaving �+� free in the �t; �+� = 43:53��0:58��0:40�,

using for �S the PDG94 value and for the mass di�erence the combined values of E731 and

E773, �m = (0:5282 � 0:0030) � 1010 s�1. Including the uncertainties on �m and �S and

the correlations in their measurements they �nally quote �+� = 43:53� � 0:97�

From a simultaneous �t to the �+�� and �0�0 data they obtain �� = �00 � �+� =

0:62� � 0:71� � 0:75�, which combined with the E731 result gives �� = �0:3� � 0:88�.

6.2.5 K!�+��

From a study of �+�� �nal states j�+�j and �+� are obtained. The time depen-

dence of the this decay, like that for two pion case, allows extraction of the corresponding

parameters j�+�j and �+�. The elegant point of this measurement is that because in-

terference is observed (which vanishes between orthogonal states) one truly measures the

ratio

�+� =
A(KL ! �+��; CnPn )

A(KS ! �+��; CP OK )

which is dominated by E1, inner bremsstrahlung transitions. Thus, again, one is measuring

the CP impurity of KL. Direct CP could contribute via E1, direct photon emission KL

decays, but it is not observed within the sensitivity of the measurement.

The results obtained are:
[17] j�+�j = (2:362 � 0:064 � 0:04) � 10�3 and �+� =

43:6��3:4��1:9�. Comparison with j�+�j � j�j � 2:3, �+� � 43� gives excellent agreement.
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This implies that the decay is dominated by radiative contributions and that all one sees

is the CP impurity of the K states.

6.3. Combining Results for �m and �+� from Di�erent Experiments

The CPLEAR collaboration
[18]

has performed an analysis for obtaining the best value

for �m and �+�, taking properly into account the fact that di�erent experiments have dif-

ferent correlations between the two variables. The data
[13;14;16;19�25]

with their correlations

are shown in �g. 13.
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Fig. 13. A compilation of �m and �+� results, from ref. 18.

A maximum likelihood analysis of all data gives �m=(530.6�1.3)�107 s�1 and �+�=
43.75��0.6�. �+� is very close to the superweak phase �SW=43.44��0.09�.

7. Tests of CPT Invariance

In �eld theory, CPT invariance is a consequence of quantum mechanics and Lorentz

invariance. Experimental evidence that CPT invariance might be violated would therefore

invalidate our belief in either or both quantummechanics and Lorentz invariance. We might

not be so ready to abandon them, although recent ideas,
[26]

such as distortions of the metric

at the Planck mass scale or the loss of coherence due to the properties of black holes might
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make the acceptance somewhat more palatable. Very sensitive tests of CPT invariance, or

lack thereof, can be carried out investigating the neutral K system at a �{factory. One

should not however forget other possibilities.
[27]

7.1. CPT at a �{factory

A �{factory such as DA�NE can produce of the order of 1010 neutral K pairs per

year which allow study of CP , T and CPT invariance. An advantage of �-factories, in this

respect, is that theK pair is produced in a well de�ned quantum state, allowing more re�ned

tests than otherwise. K mesons are produced via the reaction e+e� ! \"! �! K0K0

in a C = �1 state. Therefore the two kaons are in a pure K0, K0 or KS , KL state with a

KLKL or KSKS impurity of� 10�5. In addition only at a �{factory it is possible to obtain

a pure KS beam using the observation of a decay at long time as a tag for the presence of

a KS . In general, CPT requires

M11 �M22 =M(K0)�M(K0) = 0

and in the following we discuss present experimental limits on (M(K0)�M(K0))=hMi and
possible future improvements.

7.2. Neutral K decays without assuming CPT

One of the problems in dealing with the neutral K system is the large number of pa-

rameters which are necessary for its description.
[28]

Moreover di�erent authors use di�erent

notations. For consistency we will rede�ne, following Maiani's analysis
[28]

but with some

di�erent symbols, all the relevant parameters which will be used below. To lowest order in

\�" we write the KS and KL states as

jKS i = [(1 + �S)jK0 i+ (1 � �S)jK0 i]=
p
2

jKL i = [(1 + �L)jK0 i + (1� �L)jK0 i]=
p
2

and de�ne the parameters ~� and � through the identities

�S � ~�+ � �L � ~�� �:

Following the usual convention, we introduce the ratios of the amplitudes for K decay to a

�nal state fi, �i = A(KL ! fi)=A(KS ! fi), and de�ne the parameters � and �0 with the

identities

�+� � �+ �0 �00 � �� 2�0 (9)

From Eq. (9), � is given, in terms of the measurable amplitude ratios �, by:

� = (2�+� + �00)=3

Arg(�) = �+� + (�+� � �00)=3:

To treat consistently the possibility of CPT violation we write the most general decay
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amplitudes for K!2� as

A(K0 ! 2�; I) �
p
3=2(AI +BI)

A(K0 ! 2�; I) �
p
3=2(A�I �B�I );

(10)

where I is the isospin of the 2 pion state and we use the Wu and Yang phase convention

i.e. A0 real and positive. The symmetry properties of the A and B amplitudes in Eq. (10)

are given below:

<A =A <B =B
CP + � � +

T + � + �
CPT + + � � :

If CPT invariance is valid we have � = 0, � = ~�, BI = 0, otherwise, including \direct" CPT

in the decay amplitude to two pions:

� = ~�� (� � <B0

A0
) Arg(~�) = �SW � tan�1

2�m

��
: (11)

From unitarity,
[28]

with the most reasonable assumption that �11 � �22 � �S for all

channels but 2 pions with I=0, it follows that � �<B0=A0 is orthogonal to �, see �g. 14,

from which:

Arg
�
� � <B0

A0

�
= �SW � 90����� � <B0

A0

��� = j�j � j�SW �Arg(�)j:
(12)

Fig. 14. Diagram of the complex quantities in Eq. (11).

7.3. Experimental Data

In table 1 we have collected the data relevant to K decays, as known today, as well as

the values of some derived quantities according to the de�nitions above. From the values

in the table ���� � <B0

A0

��� = 2:282 � 10�3 � (0 � 0:66�)

= (0 � 2:6)� 10�5:

(13)
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If there is no CPT violation in the semileptonic decay amplitudes, the leptonic asymmetry

for KL decays, A`
L = (�`

+

L;S ��`
�

L;S)=(�
`+

L;S +�`
�

L;S), can be used together with this result for

determining � and ultimately put limits on the CPT violating quantity M(K0)�M(K0).

Under this assumption one has

A`
L = 2<(~�� �)

<� = 2<~��A`
L

2
=

2j~�j cos �SW �A`
L

2

= (1:6� 6)� 10�5:

Table 1: Parameters of the neutral K mesons.

Parameter Value

a �m (0:534 � 0:0014)�1010 s�1

a �S (1:1202 � 0:0010)�1010 s�1

b �SW 43:63 � 0:08�

a �+� 43:7 � 0:6�

a �00 � �+� �0:2� 0:8�

a j�+�j (2:285 � 0:019)�10�3

a j�00j (2:275 � 0:019)�10�3

b j�j (2:282 � 0:014)�10�3

a Arg(�) 43:63 � 0:66�

a A`
L (3:27 � 0:12)�10�3

a From reference 29.
b Derived using de�nitions in the text.

Using the magnitude and phase of � �<B0=A0 from eqs. (12) and (13) we �nd:

=� = (0� 1:9) � 10�5

<B0=A0 = (�3� 6)� 10�5:

From

jM(K0)�M(K0)j = j�S � �Lj j<� tan �SW �=�j
it follows that

jM(K0)�M(K0)j
hM(K)i = (0:2� 0:9)� 10�18;

the uncertainty in this result being due mostly to the error on A`
L. Note that if there were

no CPT violation in the two pion decay amplitudes, the limit on the mass di�erence would
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be:

jM(K0)�M(K0)j
hM(K)i = (0:0� 0:3)� 10�18:

The complete relation between the various parameters in the text is illustrated in �g. 15.

Fig. 15. Diagram of all the quantities discussed in the text.

7.4. CPT Violation in A(K ! `���)

To describe consistently K decays without assuming CPT , we must allow fo CnPnTn in

semileptonic decays. We therefore introduce four complex amplitudes a, b, c, and d, in

terms of which we write

A(K0 ! `+) = a+ b

A(K0 ! `�) = a� � b�

A(K0 ! `�) = c+ d

A(K0 ! `+) = c� � d�;

where the c and d amplitudes are for �S = ��Q transitions. Their symmetry properties
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are displayed below:

<(a; c) =(a; c) <(b; d) =(b; d)
CP + � � +

T + � + �
CPT + + � � :

To �rst order in �, =a, b, c and d the leptonic asymmetries are

A`
L = 2(<~��<� + <b

<a +
<d
<a)

A`
S = 2(<~�+ <� + <b

<a �
<d
<a)

which implies that KS , KL experiments cannot disentangle CnPnTn from violation of the

�S = �Q rule. The validity or otherwise of the rule can be checked by studying the decays

of strangeness tagged K0 and K0 states, if the tagging is done using strong interactions

and not semileptonic decays. This was successfully done by CPLEAR, unfortunately with

relatively limited statistics. In the standard model, it is very hard to imagine how �S =

��Q transitions can be induced at the level of 10�5. Assuming c=d=0, the remaining

CnPnTn term cancel in the di�erence of the leptonic asymmetries and we obtain

A`
S �A`

L = 4<�:
At DA�NE, it should be possible to reach an accuracy of �2.5�10�4 forA`

S (we assume

a tagging e�ciency of order 75%, see section 9.3, which means a measurement of <� to an

accuracy �0.6�10�4, almost ten times better than CPLEAR, albeit with the assumption

of the validity of the �S = �Q rule. The rule itself can also be checked to good accuracy at

DA�NE by using strangeness tagged neutral K mesons produced by charge exchange ofK�

which are produced even more copiously than neutral K's. The ratio �`L=�
`
S = 1+4<(c=a)

can put limits on the CPT conserving part of the �S = ��Q amplitude, to about the

same sensitivity as above. Time ordered asymmetries
[30]

(`+`� � `�`+)=(`+`� + `�`+),

where +� means that the positive lepton appears earlier than the negative and viceversa

for �+, are also sensitive to the various CPT odd terms at small and large time di�erences.

The CPLEAR limit for the mass di�erence does not assume �S = �Q and uses their

own new limits on =x and =�+�0. The limit on CnPnTn is only slightly weaker:
[31]

jmK0 �m �K0
j

mK0

< 2:2 � 10�18

8. Rare K Decays

Rare K decays o�er several interesting possibilities, which could ultimately open a

window beyond the standard model. They allow the determination of the CKM matrix

parameters, as for instance from the CnPn decay KL!�0���, as well as from the CP con-

serving one K+!�+���. They also permit the veri�cation of conservation laws which are

not strictly required in the standard model, for instance by searching for K0!�e decays.
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The connection between measurements of neutral K properties and branching ratios

and the � and � parameters of the Wolfenstein parameterization of the CKM matrix, is

shown schematically in �g. 16.

�
KL!�0e+e�

KL!�0���
�0=�

KL!���]SD

�

�
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���

K+
! �+���

\Unitarity triangle"
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1

Fig. 16. Constraints on � and � from measurements of �, �0, rare decays and B meson properties.

In general the situation valid for the more abundant K decays, i.e. that the CnPn
��
direct

de-

cays have much smaller rates then the CnPn
��
indirect

ones, can be reversed for very rare decays.

In addition, while the evaluation of �0 is particularly unsatisfactory because of the uncer-

tainties in the calculation of the hadronic matrix elements, this is not the case for some rare

decays. A classi�cations of measurable quantities according to increasing uncertainties in

the calculation of the hadronic matrix elements is given by Buras
[32]

as: 1. BR(KL!�0���),

2. BR(K+ ! �+���), 3. BR(KL!�0e+e�), �K, and 4. �0K, BR(KL!���]SD), where SD

stands for short distance contributions. The observation �0 6= 0 remains a unique proof of

direct CnPn . Measurements of 1 through 3, plus present knowledge, over determine the CKM

matrix. Rare K decay experiments are not easy however, just like measuring <(�0=�) has
turned out to be di�cult. Typical expectations for some of the interesting decays are:

BR(KL ! �0e+e�; CnPn ]dir) � (5� 2)� 10�12

BR(KL ! �0���) � (3� 1:2)� 10�11

BR(K+ ! �+���) � (1� :4)� 10�10

The most extensive program in this �eld has been ongoing for a long time at BNL and

large statistics have been collected recently and are under analysis. Sensitivities of the order

of 10�11 will be reached, although 10�(12 or 13) are really necessary. Experiments with high

energy kaon beams have been making excellent progress toward observing rare decays. We

will discuss new results from E799-I
[33�39]

(E731 without regenerators) and NA31.
[40�46]
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The results obtained by the two experiments are summarized in the tables below.

Table 3. E799-I Rare K-decays Results.

Reaction Events BR or limit Ref.

KL!�0��� <5.8�10�5 33

KL!e+e�e+e� 27 (4.0�0.8�0.3)�10�8 34

KL!�0�0) <2.3�10�4 35

KL!e+e�, E >5 MeV (6.5�1.2�0.6)�10�7 36

KL!�+�� 207 (3.23�0.23�0.19)�10�7 37

KL!�0��e� <6.4�10�9 38

KL!e+e��+�� 1 (2:9+6:7
�2:4)�10�9 39

Table 4. NA31 Rare K-decays Results.

Reaction Events BR or limit Ref.

KS!�0e+e� 0 <1.1�10�6 40

KL!�0�0 3 <5.6�10�6 41

KL!e+e�e+e� 8 (10.4�3.7�1.1)�10�8 42

KL!�0�0�0 0.211�0.003 43

�(KL!3�0)/�(KL!�+���0)=1.611�0.037 43

�(KL!3�0)/�(KL!�e�)=0.545�0.01 43

KL!�0 57 (1.7�0.3)�10�6 44

KL!e+e� 2000 (9.1�0.3�0.5)�10�6 44

KL!3 <2.4�10�7 45

KS! 16 (2.4�0.9)�10�6 46

These new results do not yet determine � and �. They do however con�rm the feasibility

of such a program.

8.1. Search for K+!�+���

This decay, CP allowed, is best for determining Vtd. At present there is no information,

other than E787-BNL's limit BR<2.4�10�9.[47] The new E787
[48]

detector, which has

found 12 events of K!��+��, BR�10�8, has collected data for a total of 2.55�1012
stopped kaons, �7 times the previous statistics. This corresponds to about two K+!�+���

event. At least 100 are necessary for a �rst Vtd measurements.
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8.2. K!

Direct CnPn is possible in this channel. De�ning the two photon states, where L and R

refer to the photon polarizations,

j+ i = (jLL i + jRR i)=
p
2

j � i = (jLL i � jRR i)=
p
2

we have four possibilities for KL,KS!, given below, with the expected BR's:

j+ i j� i
KL 7�109, CnPn 6�10�4
KS 2�10�6 5�10�12, CnPn

The CnPn channels can be isolated by measuring the  polarization, using Dalitz conver-

sion. The present results con�rm expectations on the CP conserving channels. Both E799-

I and NA31 have detected KL!e+e�e+e� decays, 27 and 8 events respectively, �nding

BR=(3.9�0.8, 10�4)�10�8 to be compared with the expectation (3.4�0.2)�10�8. They
also have determined that CP jK2 i = �jK2 i. NA31 has also observed 69 K! events,

of which 52 are from KL and one is background. From this they derive BR(KS!)=

(2.4�0.9)�10�6. These results are in agreement with expectations, still one needs sensitiv-

ities of 10�12.

8.3. K!�+��

Second order weak amplitudes give contributions which depend on �, with

BRjSD � 10�9. Measurements of the muon polarization are necessary. One however needs

to con�rm the calculations for K!!�+��, which can confuse the signal. The following

results are relevant

1. NA31 with 2000 KL!e+e� events �nds BR=(9.1�0.3�0.5)�10�6. The BR de-

pends on the K� form factor, with contributions from vector meson dominance

and the KK� coupling, f(q2) = fV MD+�K�fKK�. The measured BR correspond-

s to �K� = �0:27� 0:1:

2. E799-I observes 207 KL!�+�� events, giving BR=(3.23�0.23�0.19)�10�7 and

�K� = 0:13+0:21
�0:35

3. E799-I has found one KL!e+e��+�� event,
[39]

on the basis of which they estimate

the branching ratio as BR=(2:9+6:7
�2:4)�10�9. Expectations are 2.3�10�9, from VMD

and 8�10�10 for f(q2)=const. Previous limits were BR<4.9�10�6.
At BNL the experiment E871

[49]
has completed collecting data which should allow the

observation of one event for a BR of 10�12.

8.4. KL!�0e+e�

The direct CnPn BR is expected to be �5�10�12. There are however three contributions
to the rate plus a potentially dangerous background.
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1. K2!�0!�0e+e�, a CP allowed transition.

2. KL!�0e+e�, from the KL CP impurity (�jK1 i).
3. Direct CnPn from short distance, second order weak contributions, via s! d+ Z, the

signal of interest.

4. Background from KL!�!e+e�!e+e�, with a photon from �nal state radia-

tion.

The relevant experimental results are:

1. NA31 �nds 57 KL!�0 events corresponding to BR=(1.6�0.3)�10�6, equivalent
to BR(KL!�0e+e�) = 5�10�13

2. NA31 �nds no KS!�0e+e� events or BR<1.1�10�6, from which BR(KL!�0e+e�)

�j�j2(�S=�L)BR(KS) < 3:2� 10�9, which is not quite good enough yet.

3. 799-I �nds 58 KL!e+e� events, BR=(6.5�1.2�0.6)�10�7.
The background from point 3 above will not be dangerous for the new proposed exper-

iments (KTEV and NA48), because of the superior resolution of their new electromagnetic

calorimeter. The observation of direct CnPn contributions to KL!�0e+e� should be con-

vincing when the necessary sensitivity is reached.

8.5. KL!�0���

This process is a pure direct CnPn signal. The present limits are far from the goal.

The sensitivities claimed for E799-II and at KEK are around 10�9. Another factor of 100

improvement is necessary.

9. Future

Three new experiments: NA48
[50]

in CERN, KTEV
[51]

at FNAL and KLOE
[52]

at

LNF, are under construction and will begin taking data in '97 { '98, with the primary aim

to reach an ultimate error in <(�0=�) of O(10�4). The sophistication of these experiments

takes advantage of our experience of two decades of �xed target and e+e� collider physics.

Fundamental in KLOE is the possibility of continuous self-calibration while running, via

processes like Bhabha scattering and charged K decays.

9.1. NA48

The layout of the NA48 experiment, with its main components is shown in �g. 17.

A new feature of NA48, with respect to its predecessor NA31, is that KL and KS beams

simultaneously illuminate the detector, by the very clever use of a bent crystal to deect a

portion of the incident proton beam. This deected beam is brought to a KS production

target located close to the detector, reducing systematic errors due to di�erent dead times

when detecting �+�� or �0�0 K decays.
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Fig. 17. The NA48 experiment at CERN.

The superior resolution of the liquid krypton calorimeter further improves the de�nition

of the �ducial regions and improves rejection of 3�0's decays. A magnetic spectrometer has

also been added in order to improve resolution and background rejection for the K0!�+��

decays.
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Fig. 18. Plan view of the KTEV experiment at FNAL.

The KTEV experiment retains the basic principle of E731, with several signi�cant

improvements, the most important being the use of CsI crystals for the electromagnetic

calorimeter. This results in better energy resolution which is important for background

rejection in the �0�0 channel as well as in the search for rare K decays.
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9.3. KLOE

The KLOE detector,
[53]

designed by the KLOE collaboration and under construction

by the collaboration at the Laboratori Nazionali di Frascati, is shown in cross section in

�g. 19. The KLOE detector looks very much like a collider detector and will be in fact

operated at the DA�NE collider under construction at the Laboratori Nazionali di Frascati,

LNF. At DA�NE K-meson are produced in pairs at rest in the laboratory, via the reaction

e+e�!�!2K. �5000 �-mesons are produced per second at a total energy of W=1020

MeV and full DA�NE luminosity.

The main motivation behind the whole KLOE venture is the observation of direct CP

violation from a measurement of <(�0=�) to a sensitivity of 10�4. The �rst requirement for

achieving such accuracy is to be able to collect enough statistics, which in turn requires

studying of the order of few�1010 KL decays. The dimensions of the detector are dictated

by one parameter, the mean free path for decay of KL's which is about 3.4 m.

Fig. 19. Cross section of the KLOE detector at DA�NE.

The detectors consists of a 2 m radius drift chamber, employing helium rather than
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argon, to control multiple scattering at energies below 500 MeV and to minimize regener-

ation. The chambers has 13,000 W sense wires plus 39,000 Al �eld wires. The chamber is

surrounded by a sampling electromagnetic calorimeter consisting of 0.5 mm Pb foils and 1

mm diameter scintillating �bers. The calorimeter resolution in energy is �(E)=E=4.7% at

1 GeV and timing resolution is �(t)=55 ps, also at 1 GeV.

At full DA�NE luminosity, L=1033 cm�2 s�1, KLOE will collect almost 2000 KS ; KL

decays per second. Measurements of the leptonic decays mentioned in section 3.1 is possible

with KLOE because of the large statistics and the tagged KS beam unique to a �{factory.

The two neutral K mesons are produced in a pure C-odd quantum state. This implies that,

to a very high level of accuracy, the �nal state is always KSKL�KLKS or K0K0�K0K0.

Tagging of KS , KL, K
0, K0 is therefore possible. The produced K mesons are monochro-

matic, with ��0.2. This allows measurement of the ight path of neutral K's by time of

ight. A pure KS beam of about 1010 per year is a unique possibility at DA�NE at full lu-

minosity. A very high KS tagging e�ciency, �75%, can be achieved in KLOE by detecting

KL interactions in the calorimeter, in addition to KL decays in the tracking volume.

Finally because of the well de�ned quantum state, spectacular interference e�ects are

observable,
[54;55]

allowing a totally di�erent way of measuring <(�0=�), in addition to the

classical method of the double ratio R.

10. Conclusions

Ultimately three independent measurements performed with very di�erent techniques

should be able to determine whether <(�0=�)6=0, as long as <(�0=�)�few�10�4. Each exper-
iment has additional by-products of interest in kaon physics. From KTEV and NA48, more

precise values of �+� and �� will be obtained. KTEV expects to reach an error of 0.5� in

the experimental determination of �f or �� using semileptonic decays. NA48 can measure

�+� by oscillations of the decay rate behind their production targets, if n(K0) 6= n(K0).

The strong correlation between �m and �+� does not change. However all errors will be

smaller. Likewise other parameters relevant to testing CPT invariance will be measured to

higher accuracy, e.g. the charge asymmetry AL in semileptonic decays. In this respect the

uniqueness of DA�NE is that of providing a tagged, pure KS beam which allows KLOE

to measure the charge asymmetry A`
S in leptonic decays of KS -mesons to an accuracy of

a few�10�4. The value of �L is becoming relevant in the analysis of the K0{K0, KS{

KL system. This is a measurement which KLOE can perform, improving the accuracy by

��15.
Concerning rare decays the number of events collected by KTEV and NA48 should

increase by a factor of 100, corresponding to putting limits of few�10�11 on unobserved

decays and an improvement of a factor ten in the measurable rates. The statistics available

at DA�NE for KL decays cannot compete with that of KTEV and NA48. However the

tagged KS beam will allow us to improve the measurements of rare KS decays by three

orders of magnitude.

One last open question is a better test of the �S = �Q rule. This is not possible with
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the K0-K0 state produced at DA�NE (without invoking CPT ) nor with high energy K

beams. K's tagged via strong interactions are required to test the rule. The copious K+K�

production at DA�NE provides tagged K+(K�) beams which, via charge exchange, results

in strangeness tagged K0(K0)'s, much in the same way it is done in CPLEAR. CPLEAR

has collected tens of million events, KLOE can do at least a factor of ten better.
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