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1 Introduction 
With three fermion generations, the standard model (SM) possesses a unique measure of 
CP violation. Although the origin of CP violation is hidden in a priori arbitrary phases 
of Yukawa couplings, its manifestation is surprisingly simple for three quark families. A 
product of at least four Kot>ayashi-Maskawa mixing matrix elements [1] Vij is needed to 
construct rephasing invariant quantities 

lijkt = Im (VijVuVJVZ), i , j , M = 1,2,3 ( U ) 

sensitive to CP violation. All non-trivial elements l^u turn out to be equal except for a 
sign to [2] 

J = sls2s3CiC2C3s\nS (1.2) 

in the original parametrization [1]. Consequently, all CP violating rates (or differences of 
rates) must be proportional to J , the cost factor of CP violation in the SM with three 
generations. 

The CP violating amplitude ratios measured in A' 0 —> 27r decays [3] are approximately 

£ = 0(J/s]), e' = 0(\U\J/Sl), (1.3) 

where |u>| ~ 1/22 is the ratio between A / = 3/2 and 1/2 amplitudes. A recent analysis 
[4] of all available information on the KM matrix elements finds 

J = ( 2 . 4 ± 1 . 3 ) - 1 0 - 5 (2(7 level). (1.4) 

Of course, this value is mainly determined by e, still the only precisely measured CP 
violating parameter. The order of magnitude estimate 

j = 0 (M*, ) = r9(l<r 2) (1.5) 

shows the limitations of such estimates when confronted with the experimental data [5j 

.., ( (3.3 ±1.1) • 10- 3 CERN-NA31 
Re - = I (1.6) 

e I (—0.5 ±1.5) -10" 3 FNAL-E731 

The main theoretical uncertainty here is the mass of the top quark. Whereas e is a. 
strongly increasing function of m,, the situation is more involved for e'. For mt < Mw 
the dependence is rather mild (essentially logarithmic), but recent work [6] has shown 
that the dependence becomes more pronounced for mt > Mw- Mainly due to the Z 
penguin diagram, e' actually decreases for large ra( and may even vanish for m, = 0(200 
GeV). 

The uncertain status of e' je. both experimentally and theoretically, calls for increased 
efforts to detect CP violation in other processes. Just because the 3-gerieration SM is so 
tightly constrained, such efforts also bear the promise of reaching out to the legendary 
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territory of "new physics'*. Since e measures indirect CP violation in K°-A'° mixing, 
special emphasis should be given to isolating direct CP vic'ation in amplitudes. Defining 
CP violating asymmetries generically as ratios between CP violating and CP conserving 
amplitudes or rates, the cost factor J leaves open only the following two options: 

i) large rates, but small asymmetries (with e' as prototype); 

ii) bigger asymmetries, but small rates, which brings us to the subject of rare decays. 

The field of rare K decays has been influenced very much by the classic paper of 
Gaillard and Lee [7]. In a necessarily very sketchy manner, the theoretical activity since 
1974 can be summarized under two headings: 

i) Short-distance corrections. Although QCD corrections for AS = 1 non-leptonic 
weak interactions were calculated very early, many of the original calculations have now 
been redone to account for mt J> M\y. As already noted in connection with e'je, this has 
also meant to evaluate new contributions which could safely be neglected for mt C Mw. 
Although top quark effects for AS = 1 transitions are restricted by the unitarity limit 
l^rf^Jjl £ 10" 3, at least the short-distance regime can be characterized by the statement 
[8] that "more and more of one-loop K physics is top physics". 

ii) Long-distance effects. The traditional distinction between long- and short-
distance physics is based on the operator product expansion. In this framework, the 
long-distance part is embodied in the weak hadronic matrix elements [9]. Many of the 
interesting K decays are radiative decays with real or virtual photons. For such processes, 
hadronic matrix elements must be calculated not only to all orders in the strong interac
tions, but also to the required order in the fine-structure constant a. With due respect 
to those who have tried (e.g., Ref. [10]), present techniques are not reliable enough to 
produce quantitative results. 

Over the last years, a different approach has been actively pursued which starts from 
the low-energy side in contrast to the short-distance motivated operator product expan
sion. Known as chiral perturbation theory (CHPT), this approach is based on the (quasi-) 
Goldstone nature o{ the pseudoscalar mesons due to the spontaneous breakdown of the 
chiral symmetry of QCD. A major asset of the method is its comprehensiveness. The 
structure of amplitudes is determined by the underlying symmetries except for some low-
energy constants. All the complications of strong-coupling QCD are encoded in those 
constants which must be determined either phenomenologically or by using additional 
theoretical input. 

Let me finish this introduction with a warning and with a suggestion. The trade
mark CIIPT is sometimes also used for order of magnitude estimates based on more or 
less truncated amplitudes. While such estimates are perfectly legitimate, they should not 
be confounded wi fh actual CHPT predictions. The suggestion is mainly addressed to 
the experimentalists. Even today, 16 years after Ref. [7], there seems to be a widespread 
prejudice that interesting physics can only be discovered in short-distance dominated pro
cesses like K+ —> ir+vi*, whereas long-distance dominated channels like K+ ~+ 7r+-yy are 
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essentially background. It is one purpose of my talk to call this traditional discrimination 
in question. 

After a brief resume in Sect. 2 of CHPT as applied to the AS — 1 non-leptonic weak 
interactions, I shall review in the main part of this talk several rare K decays where CP 
violating signals may be detectable in the near future: time-dependent »-ate asymmetries, 
exemplified for K°(K°) —> 77 (Sect. 3), longitudinal muon polarization in Ki —* fi+j.r 
(Sect. 4), charge asymmetries in charged K decays like A'* -* 7^77 (Sect. 5), and finally 
in Sect. 6, in order of increasing experimental difficulties, the decays Ki —• 7r°e + e - . 
x°li+H~ and 7r°i/j/ which have received considerable attention recently. All predictions or 
estimates are based on the SM with three generations. 

2 Chiral Perturbation Theory 

For m u = md = m, = 0 QCD exhibits a chiral symmetry G = SU{3)L x SU(3)R. CHPT 
starts from the assumption that G is spontaneously broken to the diagonal subgroup 
SU{3)v giving rise to eight pseudoscalar Goldstone bosons. The corresponding Goldstone 
fields <p% (i = 1, . . .,8) are assembled in a matrix-valued field U(<p) transforming linearly 
under G: 

U(<fi) - ^ gnU{ifi)gl 9L,n e SU(3)LtR. (2.1) 

The effective Ligrangian for the strong interactions of pseudoscalar meson'; can be 
written in a derivative expansion characteristic for a low-energy effective theory [11] 

£ e f f = £ 2 + £ 4 + U + ... (2.2) 

To lowest 0(p2), the effective Lagrangian £ 2 >s given by [12,13] 

f2 

£ 2 = Jj(D»UD»Ui) +V(M{U + U*)), (/1> := tr >4, M = diag ( m u , m d , m , ) 
v . v ' 

non-linear a-model 
(2.3) 

where the covariant derivative 

DJJ = dßU - ieAß[Q, U], Q = diag (2/3, - 1 / 3 , - 1 / 3 ) (2.4) 

accounts for the coupling to an external electromagnetic field. The explicit chiral sym
metry breaking through the non-vanishing quark masses is taken into cons: '"ration by 
the second term in (2.3). To lowest order, the parameters / and v are given by the pion 
decay constant and by the quark condensate, respectively 

/ ~ / , = 93 MeV, 2v ~ -(0|uu|0). (2.5) 

At the momentum scale relevant for K decays, the non-leptonic AS = 1 weak inter
action is governed by a local Hamiltonian consisting of an octet and a 27-plet piece. The 
chiral effective Lagrangian is again of the form 

£ f / = 1 = £ f = ' + £ f - | + . . . (2.6) 
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with [14] 

C$s=l - GsiXC^) + A.c. + 27-pIet, A = ^(A 6 - «A7), (2.7) 

where Cß = if2U*DßU is the gauge covariant V-A Noether current to lowest order. To 
0(p 2 ) , the tree level amplitudes from £ 2 + £ ^ 5 = 1 reproduce all the standard current 
algebra results of the 60's for pseudoscalar meson amplitudes. From K —• 2ir decays one 
finds 

|G 8 | ZL 9 • 1(T 6 GeV" 2 (2.8) 

for the octet coupling constant. 
Three ingredients are necessary for a systematic treatment to 0(p4) [12,13,15-18]: 

i) One-loop amplitudes due to £^ + C$s=1; 

ii) The Wess-Zumino functional [19] to account for the chiral anomaly [20]; 

iii) Tree level amplitudes from £ 4 + Cfs=1. Specializing again to an external electro
magnetic field, these Lagrangians are ^iven by [13] 

£ 4 = -iL^F^iQiD^DJJ + DJJD„tf)) + Lwe
2F^Fßl/(U^QUQ) + . . . (2.9) 

and [17] 

Cfs=l = -ieG»f-2F>"'{wl{Q\CtlCl,) + w2{QCß\Cl/)}+ 

(2.10) 
+ e2Gspw4F»''Flll,{\QWQU) + h.c. + . . . 

where I have included only terms which will be relevant in the sequel. In particular, 
£ 4

V S = 1 is the complete expression for K decays with at most one pion in the final 
state. The general structure of Cfs=1 for arbitrary transitions, including also the 
27-plet, has recently been written down in Ref. [18]. 

All mesonic amplitudes are now unambiguously calculable to 0(p4) in terms of the 
low-energy coupling constants Li, uv The following points are worth emphasizing: 

i) The underlying symmetries determine the structure of the amplitudes. The specific 
values of the coupling constants Li, w, distinguish the SM from other possible theo
ries with the same symmetries. They can either be determined phenomenologically 
[13,15,17,21] or through some approximate method of integrating out quarks and 
gluons [22]. 

ii) Due to the renorrnalization of one-loop divergences, the measurable quantities 
L;(/i), u>[(^) depend on an arbitrary scale //. 

iii) In general, the low-energy coupling constants contain both long- and short-distance 
contributions. For n ~ Mp, the strong couplings Lj(ji) are, however, dominated 
by meson resonance exchange [23,24,25]. In particular, / , 9 and Z,10 are completely 
saturated by vector arid axial-vector mesons. On the other hand, the weak coupling 
coupling constant W\ has an important short-distance contribution as well, to be 
discussed in Sect. 5. 
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CHPT is a well-defined systematic method which by construction is free from the 
double-counting ambiguities of hybrid quark models. The perturbative expansion in mo
menta is expected to be particularly suited for K decays [26] where the natural expansion 
parameter is 

P 2 Ml 
< 7 — £ — = 0.18. (2.11) (ML)2 ~ (4*fr)2 

Softly broken chiral symmetry and electromagnetic gauge invariance are manifest and 
unitarity is guaranteed to 0(p4). With all its attractive features, the intrinsic limitations 
of CHPT as a non-renormalizable quantum field theory can, of course, not be ignored. 
However, even in those cases where unknown coupling constants preclude quantitative 
predictions for the time being it usually pays off to take the structure of amplitudes given 
by CHPT as a basis for further considerations. There is no better way to account for the 
symmetries of the SM. 

3 Time Dependent Rate Asymmetries 

The time dependent rate asymmetry [27] 

A (t) = W ) -» /) - r( / ?°( f) -» /) Ä - Z + * W 
/ U T[K°{t) -> / ) - T(K°(t) - / ) l-ZF{t) 

(3.1) 

requires tagging of the initial K°, K°. The parameter Z is a rephasing invariant measure 
of indirect CP violation independent of the final state. It is defined as 

*-TTW" <A^>- l*~> = T H W ^ - CPlK°^ ' ̂  ( 3'2 ) 

and its value [28] is known from semi-leptonic Ki decay: 

1 ~ **• ~ Y[KL - *-*+„) + T(KL - *+t-ü) ~ ( 3 l 3 ° ± ° 1 2 ) ' 1 0 • ( M 

The more interesting direct CP violation is contained in the function F(t) which does, of 
course, depend on the final state. In terms of the amplitudes 

AS,L(±) = A(KS,L - fi), CP\f±) = ±\f±) (3.4) 

it is given by [3] 

F { t ) = e-rs*As?TX\Arf R e ^ ' " W + M . W * + As{-)AL(-)'\). .(3.5) 

Because of lim^,» F(t) = 0, direct CP violation can only be detected for 

/ < O ( r A V ~ 1 0 - , 0 , s ) . (3.6) 
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The final state / in (3.1) can in principle be any state containing both particle and 
antiparticle of a given type such as 7r+7r~7r°, p+p~ or 77. 

Specializing to / = 77, we can write the decay amplitude in the general form 

A{M - 77) = « " ( f c i K C M M + X M i * - fe, • M i « ) + A(-)e,„„,fcf*0 (3.7) 

for M —• KL or A's- To lowest non-trivial 0{pA) in CHPT, the amplitudes >U,s(+) 
are governed by J 4 I ( + ) which is unambiguously calculable to this order. The theoretical 
prediction [29] 

0 ^ = 2.0.,»-« ,,8, 
1{KS -* all) 

agrees with the experimental value [30] 

B{KS-+ 7 7 ) = (2 .4±1.2)-1(T 6 . (3.9) 

Unfortunately, the situation is not as favourable for the amplitude A( —) which van
ishes to 0(p4) because of a cancellation between the T° and TJ contributions [17,31]. Thus, 
all the interesting direct CP violation only appears to 0(p6) in CHPT and there is still 
no systematic calculation at that level. Nevertheless, several estimates of A - ^ i ) have 
been performed [32], some of them attributing the dominant effect to the relative phase 
between the T/J and the neutral members of the pseudoscalar octet. According to those es
timates, direct CP violation may be detectable by a forthcoming measurement of A.f t) 
at LEAR.. 

4 KL -> /x+/i~ 
A longitudinal muon polarization is an unambiguous signal of CP violation. With a 
general amplitude of the form 

A{K: -> p.+;C) = ü(iE + Ais)v (4.1) 

the longitudinal polarization P{p~) is given by 

^ - > = W 7 1 W '-( l-4m:/« S )« ' . (4.2) 

In terms of amplitudes .4,, B, (1 = 1,2) for the CP eigenstates A", A'j one gets 

lm{A'B)czlm[A'3{B2 + pBi)\ (4.3) 

to first order in CP violating quantities. The amplitudes A\, B2 are CP violating, whereas 
A3, B\ conserve CP. The more interesting direct CP violation can only come from the 
first term in (4.3). In the SM, B2 gets a contribution via the sdll vertex arising at the 
one-!oop level and connected to the muon pair by Higgs exchange. Since B2 is real, Im A2 
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can be taken from the 77 absorptive part of /v" —» 77 —* /<+/'~ leading to the final resuli 
[33] 

„, x 2 10" 2 GeV 2 , x 

P(*'>" \m-ui\- {iA) 

Although />(/i~) could have been sizable for a light Higgs, this possibility is now excluded 
by the recent lower bound MH > 19.3 GeV (95% c.l.) from LEP [34]. 

In order to distinguish between the SM and alternative models of CP violation where 
Im (AjB^) may be bigger, one still has to calculate the second term in (4.3) due to 
indirect CP violation. So far, there is only an estimate [35] P{n~) ^ 1 0 - 3 based on the 
77 absorptive part of Bx. The full amplitude A'° —» p.*'\T is unambiguously calculable to 
0(p4) in CHPT [36] and can, of course, be measured in the decay K's —• /*+/'~- However, 
there is certainly no reason to expect P((i~) to be substantially bigger than 10~3 in the 
SM. 

5 Charge Asymmetries 
In principle, charged K decays provide an ideal place to locate direct CP violation be
cause indirect CP violation is inoperative. An especially promising signal is the charge 
asymmetry in the decays K* —+ x ± 7 7 . 

To 0(p 4 ) in CHPT, the differential decay rate is of the form [17] 

^ ~ \A(z)\2 + \C(z)\\ z = ( f t + qrflMl (5.1) 

where q\, q? are the photon momenta. The leading short-distance contribution [7] from 
the chiral anomaly is contained in the amplitude C(z) which is much smaller than A(z) 
and does not contribute to the charge asymmetrv. The dominant amplitude A(z) is given 
by [17] 

Mz)=^l(rl-l-z)i<\~) + (l-z-rl)F(z) + czl r„ = ^ (5.2) 

in terms of a known one-loop function F(z) and a scale independent combination c of 
low-energy coupling constants defined in Sect. 2: 

c = 32TT 2 [4(L 9 + 7,10) - \(wt + 2w2 + 2w4)]. (5.3) 

Because of the appearance of c, CHP'I only predicts a lower bound ß (A ' + —• 7T+77) > 
4 • 10" 7 compared to the present experimental upper limit [28] 8 • 1 0 - c . 

The CP violating charge asymmetry originates from the interference between the 
absorptive part of A(z) and the complex counterterm amplitude proportional to c. The 
absorptive part is due to the pion loop inducing a non-zero Im F(z/r\) for z > \r\. A 
straightforward calculation yields [17] 

IY tf+ -» ff+77) - r ( / T -* r 77) = Im c • 1.5 • 10~ 2 3 GeV. (5.4) 

file:///m-ui/-
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In the SM, CP violating phases are generated at short distances. In CHPT, on the 
other hand, genuine short-distance effects a.„e contained in the low-energy coupling con
stants. The following estimate for Im c provides a nice example how additional theoretical 
input can give information about these constants which cannot be determined from sym
metry arguments only. 

Of the constants in Eq. (5.3) only W\ is expected to have a non-negligible imaginary 
part related to the imaginary part of the Wilson coefficient of the electroweak penguin 
operator [37] 

e2 

Q7V = — s-yß(l - 75)dey*e (5.5) 

in the effective AS = 1 weak Hamiltonian 

n?tl = ^v:,VuäZc^2)Qi + hc- ( 5 - 6 ) 

To leading order in the chiral expansion, the V-A current is given by if^Wd^U and 
therefore 

sr(\-ls)d-iß(Uid*U)i3. (5.7) 

Up to factors to be taken into account subsequently, there is thus a direct correspondence 

Q7V «__• {U^U)23d"Fßi, (5.8) 

between operators at the "fundamental" and effective levels. To be precise, this corre
spondence applies to the actual electromagnetic penguin including QCD corrections, but 
excluding the Z penguin and W box contributions [38] to Qw- In the effective action, 
the right-hand side of (5.8) is moreover equivalent to 

F""(QXCM (5.9) 

appearing in Cfs=i of Eq. (2.10). Putting in all factors, we arrive at the electromagnetic 
penguin contribution to w\. 

wfMP = JT^C™P{^ ( 5- 1 0 ) 

The scale dependence of the right-hand side should not come as a surprise because w^ 
receives, of course, also long-distance contributions. However, here we are interested only 
in Im wx as a measure of direct CP violation. Since CP violating phases are generated at 
scales between mc and m ( , one expects Im Cjy to be nearly scale independent. In fact, 
to lowest order QCD one gets [37] 

Im G 7 V = — I n — , 5.11) 
97TCic3 m-

manifestly independent of /*. Leading order QCD corrections [38] reduce |Im C^yll'\ by 
approximately a factor two for SQCD — 200 MeV, but to a very good approximation both 
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the Tri(-dependence and the ^-independence of (5.11) remain unchanged. Taking the cost 
factor J of Eq. (1.4) into account and allowing for the uncertainties including mt, I arrive 
at the final estimate 

\T{K* - »+TV) - H A " - » - ry ) | _ / t M l f t _ 1 0 

T(K+ -» all) 
= (1 - 5) • 1(T 1 0 . (5.12) 

Although this is a small number, the stakes are high. Compared with other proposals to 
pin down direct CP violation such as the more publicized transition Ki —* 7 r 0 e + e _ to be 
discussed next, it certainly seems worthwhile to try to measure the charge asymmetry 
(5.12) in a dedicated experiment. 

A similar analysis can be performed for the decays K* —* 7 r ± e + e - . However, in this 
case the charge asymmetry is much smal'sr because the absorptive part due to the pion 
loop is smaller. Since the effect is again proportional to Im wt, the ratio between the 
charge asymmetries in the two channels is in first approximation independent of the 
previous estimate for Im w\. The result [17] 

V{K+ - • ;r+e+e-) - V(K~ -> 7r-e+e-) ^ J _ 
r(A'+ - ^ + 7 7 ) - r ( r V - ^ T T - 7 7 ) ~ 200 K ' ' ' 

shows that a measi .ement of the charge asymmetry in the e+e~ channel is not to be 
expected in the near future if, as always, the SM is really the only source of CP violation. 

6 KL->ir 
The interest in these very rare decays derives from the observation that direct CP viola
tion is comparable to or may even dominate over indirect CP violation [39]. I shall review 
the present theoretical status in order of increasing experimental difficulties for ( = e,fi 
and v. 

6 . 1 Ki -* 7r°e + e~ 

The one-gauge boson exchange amplitude1 

A{KL - » ; r V e - ) | Ä eA[K% -> *°e + e- ) | + iA(K% -» f V e " ) ^ (6.1) 

indirect CP violation direct CP violation 

violates CP. The CP conserving A'° amplitude ca.. be related to the already measured 
transition K+ -+ ir+e+e~ within the framework of CHPT. The experimental rate [40], 
together with a plausible octet dominance assumption [15], yields two possible values 

0(A',,-;roeV-)~j ^ | }Jl" (6.2) 

'For large mt, the W box diagram must also be included [38] in A{K% — it°e+e~). 
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if the decay Ki —• x°e+c were due to indirect CP violation only. For comparis^ n, the 
present experimental upper limit is [41] 

B(KL - T V C " ) < 4 - 1(T 8. (6.3) 

To allow for a heavy top quark, the CP violating amplitude -4 (/ff ~* f°e + e~) has 
recently jeen recalculated [38]. For mt > Mw, the axial counterpart 

QIA = ^ 7 , ( 1 - 75)de7"75e (6.4) 

to Q7y cannot be neglected in the operator product expansion (5.6). Since the amplitude 
is CP violating, only the imaginary parts of the corresponding Wilson coefficients need to 
be considered. Although Im Crv is always dominated by the 7 penguin, Im C74 rises faster 
with mt overtaking Im CJV at mt ~ 150 GeV [38]. Both quantities are scale independent 
to a good approximation. Pulling out the familiar factor J , the calculations of Ref. [38] 
lead to the estimate 

D{K\ -» ^ + e - ) | d i r e c t = 3 • l(T 1 2(.//2.4 • K T 5 ) 2 ^ + &}A) (6.5) 

where the quantity CjV + C}A varies roughly between 0.3 and 1.0 for Mw < mt < 200 
GeV. Keeping in mind that the two amplitudes in (6.1) interfere, a realistic order of 
magnitude estimate is 

W - n r V O l g p S 0(ir11) (6.6) 

for a purely CP violating transition. 
Such a small rate raises the question about the magnitude of the CP conserving 

two-photon exchange amplitude. The relevant amplitude for K® —> 7r°77 is completely 
calculable to 0(p4) in CHPT giving rise to a branching ratio [16,42] 

B{KL - 7T°77) = 6.7 -10~ 7 . (6.7) 

Because the two photons must be in a state of total angular momentum zero to 0(p 4 ) , 
the amplitude A(K^ —* T 0 7 7 —» 7T°e+e~) is helicity suppressed being proportional to m e 

[43]. The corresponding branching ratio [17] 

ß ( / ^ - ^ ) r 0 e + e - ) | o ( p 4 ) ^ 1 0 - 1 4 (6.8) 

is certainly negligible in comparison with (6.6). However, the helicity suppression only 
holds to 0(p 4 ) [17,44]. A naive power counting estimate of a typical 0(p6) term [17] 
leads again to a branching ratio of O(10~ 1 4). This estimate was challenged by Sehgal [44] 
and others [45,46] on the basis of the vector meson exchange diagram of Fig. 1 which is 
claimed to be comparable in magnitude to the CP violating amplitude. 

In the framework of CHPT, the Sehgal diagram appears to 0(p 6 ) induced by the 
chiral coupling [47] 

£ 3 ( VPj) = ehvFßv(V^{u\ Qu}), \hv\ = (3.7 ± 0 3 ) - 10~2. (6.9) 
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In terms of coset elements u(<p) with V(tp) = u(ip)2 in the conventional gauge, the vielbein 
field u^(<p) \s defined as 

uß = irtDJUu*. (6.10) 

Fß„ is the dual electromagnetic field strength tensor and 

Qu=uQu* + u*Qu. '6.11) 

V exchange produces the local Lagrangian of 0(pe j 

$ = ^fFuu({u>,Qu}(F"{u\Qu} + 2F"V.<M)>, (6.12) 

assuming a common mass My = Mf for the vector meson nonet Vß. Together v/.th C$s~l 

of Eq. (2.7), this Lagrangian induces both K% -* 5T°77 and K+ —> n+-f-f at 0(p 6 ) . From 
the 27 absorptive part one then obtains [47] 

B{Kl - ir°c + e-) | = 4 . 4 4 " 10"" =s 4.5 • iO" 1 3 (6.13) 

with an effective coupling 

However, in general the non-leptonic weak interaction does not only act on the external 
meson legs as in the Sehgal diagram of Fig. 1 The importance of direct weak contributions 
can be illustrated [47] very clearly for the related transition K+ —> 7r+7*. To lowest 0(p2), 
gauge invariance requires the direct weak amplitude to completely cancel the amplitude 
with external weak transitions [15]. Moreover, if we disregarded the direct weak amplitude 
of 0{p4) proportional to u;i, w2 defined in (2.10), the transition amplitude would be 
governed by the vector meson dominated [23,24] coupling constant L%. But this amplitude 
by iiself would yield a rate r (A ' + —• 7r J 'e +e") in excess of the experimental value [40] by 
a factoi 30. In other words, experiment tells us that the direct weak amplitude due to 
wu wj must cancel most of the VMD amplitude. 

Although such cancellations are probably a more general phenomenon, they are cer
tainly not a consequence of chiral symmetry only. Nevertheless, CHPT sets the stage 
on which additional ideas or models may be pursued. We have recently proposed such a 
model [47] which is based on two a sumptions related to the geometry of coset space: 

a) The effective chiral Lagiangian with external gauge fields in the presence of the 
AS = 1 non-leptonic weak interactions can be formulated exclusively in terms of a 
vielbein u^ and a connection Tß. In the limit Ga = 0 uß reduces to (6 10) and F^ is 
the natural connection on G/SU(3)v-

b) The right-chiial combination T^ — ^nß is unaffected by the left-chiral non-leptonic 
weak interaction 
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Together with the explicit form of £ 2 + Cfs~l, these assumptions determine u M and T^ 
in the presence of the non-leptonic weak interactions. As a consequence, the direct weak 
amplitudes are specified by the model. For the radiative K decays under consideration, 
the "weak deformation model" [47] makes the following predictions: 

i) The big coupling constant L9 in the K+ —* 7r+7* amplitude of 0(p4) is cancelled 
by the direct weak couplings w^, u>2-

ii) In the K+ —• i r + 77 amplitude (5.2) c — 0 implying 

B(K+ -»7T+77) = 5.8 • 10~ 7. (6.15) 

iii) At 0 ( p 6 ) , the VMD amplitude for A' + - • 7r+77 analogous to Fig. 1 is exactly 
compensated by a direct weak amplitude making (6.15) a very specific prediction 
of the model. 

iv) Finally, for K^ —• 7r°77 at 0(p6) the direct amplitude is twice as big as the VMD 
amplitude of Fig. 1, but with the opposite sign. Altogether, the sign of ay in (6.14) 
becomes negative, but the estimate /?(#£ —• fl"°e+e~)|2.Y ^ 4.5 • ! 0 ~ 1 3 remains un
changed. 

One may go on and investigate possible effects of 0(ps) like if exchange and 77-7/ 
mixing [44-47], but the discussion becomes more and more model dependent. Fortunately, 
the main issue of the magnitude of the CP conserving 27 exchange for A'/, —• w°e+e~ 
can be settled by measuring the rate and spectra of the much more frequent decay 
Ki —• 7T°77. If the effective coupling ay really satisfies \av\ < 0.32, the interference 
'vith the dominant 0{p4) amplitude will be difficult to observe [47]. In this case, the CP 
violating amplitude dominates the transition Ki —* ir°e+e~. 

If, however, the 27 amplitude were really big enough [44-46] to yield a branching ratio 

B{KL - 7 r V e - ) | 2 ~ l fT 1 1 (6.16) 

competing with the CP violating amplitude, both the rate and the spectra for /</, -» TT°77 
would be modified substantially. The dependence of the raie on ay is exhibited in the 
Table, whereas Figs. 2,3 show the corresponding spectra in me 27 invariant mass [47]. 
Ongoing experiments [48] may be able to resolve the question cf a large VMD amplitude 
very soon. 

Table 
ay B(KL -» *T°77) • 106 B{KL -* x°e+e~)\Jy • 10 1 3 

_ _ 8 • ICT 2 

0.32 0.60 4.5 
-0 .32 0.89 4.5 

1.5 1.6 100 
- 1 . 5 3JD 100 

Predictions for B{Ki —* ir°"n) and B{KL —* n°e+e~) for various values of the effective 
coupling av-
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6 . 2 KL - • 7T°/4 +/i-

In this case the 27 exchange amplitude is non-negligible already at 0(p4), being propor
tional to m M . To this order, the amplitude has the form [17] 

A(KL(p) - * 0 ( p V ( f c K ( f c ) ) ~ «i f t ) [ im^ - (j<+ j0 s ]v ( 9 l ) , (6.17) 

where ft and 5- are the CP conserving and CP violating amplitudes, respectively. The 
discussion for g proceeds exactly as for I = e with the analogous twofold ambiguity for 

Since h and g are comparable in magnitude, their interference gives rise to large CP 
violating asymmetries such as the up-down asymmetry 

Ni(z) + w(zy ( f U 8 ) 

JV*(z), JV*(z) are the event densities for a given invariant mass z of the muon pair with 
the two possible muon spin orientations orthogonal to the decay plane. In Ref. [17] we 
have estimated this asymmetry and the integrated transverse muon polarization with k 
given in terms of the 27 absorptive part to 0(p*). Even without a precise knowledge of 
the CP violating amplitude g, the asymmetries are expected to be big. i'br the parameters 
considered, they turn out to be in the range of several tens of per cent [17]. 

Although the rate for Ki —* 7r°/i+/x~ is bigger than expected from the e + e~ rate 
and phase space, the branching ratio is again at most 0 ( l O ~ n ) . Nevertheless, the spec
tacular signals of v^P violation offered by this channel certainly warrant experimental 
consideration. 

6.3 KL -* TPVV 

From a theoretical point of view, the neutrino channel is especially interesting for two 
reasons [49]: 

i) There is obviously neither an electromagnetic penguin nor a 27 exchange amplitude 
which could mask the CP violating amplitude. 

ii) The transition is dominated by direct CP violation, with indirect CP violation being 
suppressed by some three orders of magnitude in rate. 

The Z penguin and W box diagrams induce a unique Wilson operator 

Qu = ^-s%(l - 7s)<te7"(l ~ 7s)". (6-19) 

From the calculations of Ref. [50] one finds a branching ratio 

B(KL - » t ° v t v t ) ~ 5 • ]Ü~ 1 2(J/2.4 • Kr 5 ) 2 |CVr (6.20) 

for each neutrino flavour where \CU\2 varies between 0.25 and 1.5 lor M\y < rnt < 
200 GeV. Although this branching ratio is comparable to the charged lepton modes, 
the experimental situation can probably be summarized best by the statement [8] that 
"nobody has yet shown that a measurement of this decay is absolutely impossible". 
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7 Summary 
In the SM with three generations one cannot bargain about the price J of CP violation, 
but one can search for different manifestations thereof. Rare K decays offer a wide choice 
of CP violating observables. Of special interest are processes with clear signals of direct 
CP violation. 

According to the SM, CP violation is generated at short distances. Nevertheless, a 
measurable effect may require interference with a long-distance dominated amplitude. 
CHPT provides a comprehensive framework for the theoretical analysis of rare K decays 
including both long- and short-distance aspects. Genuine short-distance contributions 
appear in low-energy constants which are not determined by chiral symmetry only. CP 
violation induces imaginary parts of these constants which must be evaluated by a short-
distance calculation. 

Among the processes considered, special emphasis was given to the decay l(+ —> 7r+77 
which has a relatively bad press in the short-distance dominated media. In addition to its 
interest as a test case for CHPT it exhibits a charge asymmetry of a fe-, times 1(T 1 0 in 
branching ratio as an unambiguous signal for direct CP violation. The charge asymmetry 
for the decays Ä -* —»7r ie+e~ is smaller by two orders of magnitude. 

The more popular channel KL -»7r°e +e~ has a branching ratio of at most 1 0 ~ n . The 
analysis of vector meson contributions in the framework of CHPT suggests that the CP 
violating amplitude dominates. To check for the possible presence of a comparable CP 
conserving two-photon exchange amplitude, a measurement of the decay KL —* n°yy with 
an accuracy of a few times 1 0 - 7 in branching ratio will be sufficient. Although offering 
spectacular signals of CP violation, the related processes KL —• 7r°/i+/i" and especially 
KL —* it°vv are probably out of reach for the near future. 

After the very recent lower bound of about, 20 GeV for the mass of the SM Higgs boson 
from LEP, the longitudinal muon polarization in KL -* fi+fi~ is predicted to be insensitive 
to direct CP violation. The estimate P{n~) ^ 1 0 - 3 due to indirect CP violation will soon 
be made more precise by a complete CHPT calculation of K\ —• 7*7* —• /i +/t~ to 0{p4). 

Time dependent rate asymmetries in K° decays are of interest for different final states. 
For the specific case of two photons, the effect of direct CP violation vanishes to 0(p4) in 
CHPT. More theoretical work will be necessary for a reliable prediction of the amplitudes 
at 0(p6), but existing estimates are encouraging for experimental detection. 

For all the potential information concerning CP violation, but also many other aspects 
of the SM, investigation of rare K decays will remain a very active field of research in 
the years to come. 
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Figure Captions 
Fig. 1: Vector meson exchange diagram for A'/, —• w°f + e". 

Fig. 2: Normalized spectra for Ki —* it"')', in the 2-/ invariant mass : = (</i + </2)2/-^K 
for ÖV = 0 (ful! curve), a\ = 0.32 (dash-dotted curve) and av — -0.32 (dotted 
curve). The dashed curve is the phase space spectrum. 

Fig. 3 : As in Fig. 2 for u» — IJy (dash-dotted) and «v = -1.5 (dotted) compared to 
«v = 0 (full curve). 
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