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ABSTRACT 

. . We discuss CP violation in the amplitude for KL + 7r”@e- when m l is large. 
- 

Unlike the case of I(L + ~7r, CP violation in the decay amplitude itself is compara- 

-ble to that which comes from the mass matrix. We study the CP violating effects, 

including strong interaction (QCb) corrections to the amplitudes which arise from 
2- - 

one-loop diagrams. Short-distance contributions from diagrams that involve a W  
-- - 

and a 2 or two W ’s as well from those with a photon and a W  are important when 

m t ;S Mw. 
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It is almost 25 years since the original observation of CP violation in long- 

lived neutral K decays!” Until very recently, all experiments were consistent with 

this phenomenon originating in a “superweak” interaction,[21 whose one measurable 

manifestation was in the mass matrix of the neutral K system. As a result, the 

long-lived neutral I< meson, KL x K2 + cK1, is dominantly the CP odd state 

K2, but contains a small admixture (CX E) of the CP even state K1. 

A different, more definite origin of CP violation occurs in the three generation 

standard model through the presence of a single, non-trivial phase in the matrix 

which expresses the mixing of q!l+rk flavors under the weak interactions!] This 

model can explain CP violation in the mass matrix of neutral mesons and predicts 

CP violation in decay amplitudes as well. 

In the past year the NA31 collaboration has presented statistically significant 

evidence”] for a non-zero value of the parameter E’, which is a measure of CP 

-violation in the I( + 7~ decay amplitude. Experiments at Fermilabi5’ and at 

CERN”’ are continuing with the aim of reducing the statistical and systematic 

errors $0 a level where, if the central value of the CERN experiment holds, a non- 

- zero value of c’ will be firmly established and a “superweak” explanation made 

unteeable. Such a value of E’ is consistent, within rather large uncertainties of the 

relevant hadronic matrix element, with the three generation standard model. 

While the three generation standard model may explain CP violation as it is 

-- observed up- to now in Nature, we would like to obtain additional evidence that 

points in this direction. If we could find several experimental processes which 

exhibit measurable CP violating effects and all could be fit by a single value of 

the ab initio free phase in the mixing matrix, then we will have gone a long way 

toward establishing this as the correct explanation. 

KL 4 7r”&- is one such process. If CP were conserved, the long-lived eigen- 

state would be the CP odd state, K2. It would not decay to 7r0y,+tud -+ ?r’e+!-, 

this being forbidden by CP invariance. Since Nature has chosen to break CP in- - 
variance, the decay can proceed through: (1) the small part, M EKE, of the KL 
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wave function that is CP even (we call this “indirect” CP violation); and (2) CP 

violating effects in the KS + 7r”P+e- decay amplitude itself (we call this “direct” 

I; CP violation). In addition to these two CP violating amplitudes, the decay can 

proceed in a CP conserving manner via the decay chain K2 + 7r077 + r”.t+l-. 

Although higher order in Q, this latter amplitude is not necessarily negligible in 

comparison to either the “indirect” or “direct” CP violating amplitudes. 
- 

Naturally, we are most interested in the question of whether one can see the 

“direct” CP violation effects and especially to investigate if they can be the domi- 

nant amplitude contributing to the decay. This amplitude comes from “penguin” 

diagrams with a photon or 2 boson and also from box diagrams, as shown in Fig- 

ure 1. For values of mf << M&, it is the “electromagnetic penguin” that gives 

the dominant short-distance contribution to the amplitude. This was discussed, 

with estimates of the CP violating -effects!’ before evidence for the b quark was 

-found. .A full analysis, including QCD corrections, was carried out in the case of 

six quarks:‘] building upon work done with four quarks? A principal conclusion 

of that study was that the “direct” CP violation could be comparable to the “in- 

,- 

direct” effects. However, the expected mass range for the t quark has been pushed 
- upward considerably since Ref. 7. As a consequence, the QCD corrections, which 

-turned out to be quite important, need to be redone when rni/M$ can not be 

considered to be a small number.. Also, the “2 penguin” and “IV box” diagrams, 

which are “suppressed” by factors of mf/M$ and were neglected in old calcula- 

- tions, are important for large mt. We need to consider the QCD corrections to 

them as well. A further motivation is that experiments at the required level of 

sensitivity are beginning to be considered!‘1o1 

We calculate the CP violating contributions to the K2 + w’e+fe- amplitude in 

the standard model with six quarks arranged in left-handed doublets with respect 

to weak isospin. Our calculation is expressed in the language of forming an effective 

Hamiltonian written in terms of the low mass quarks U, d, and s which are involved 

in the initial and final states of strange particle decays. The calculation proceeds 

by starting with the theory written in terms of the weak gauge boson and quark 
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fields, and successively integrating out the heavy quanta from the theory!“’ We 

consider t quark masses comparable or greater than that of the W, and remove 

the t quark and W from the theory together!12’ 

At each stage of the calculation we will be left with an effective Hamiltonian 

in the form of a sum of Wilson coefficients times operators: 

v,*,Kd C ci(p2)Qi + h. C. , 
i 

d 

(1) 

where Q1 through Qs occur in the usual calculation of the strangeness-changing 

weak Hamiltonian~“’ while the operators 

e2 
Qw = -4--(%7,(1- 75)&)(We) 

e2 (2) 
Q 7A = ~(S,7,(1- 75)&)(~yp75e) 

. 

are new and explicitly of order e2. The color indices (Y and /3 are summed, while 

the combination V’&Vud of Kobayashi-Maskawa matrix elements is the usual one - 
involved in decays of strange particles. We have chosen the same operators as in 

Ref. 7, with the addition of QUA? whose presence is required now that we include 

the contributions from the “Z penguin” and “W box” graphs in Figure 1.[13’ 
L- - 

In the absence of strong interactions, the only one of the first six operators with 

a non-zero coefficient (to order y2 in weak interactions) is Q2, with c2 = 1. To 

one loop order in electroweak interactions, the diagrams in Figure 1 generally give 

non-zero coefficients WI of Q7v and QUA. For example, if we consider mt N Mw, 

then at the scale Mw, we have a contribution involving the t quark (with i = t): 

~~~i(Mg, =(25 - lgXi)X$ _ (324 - 30x9 $ 54~: - ZI‘L!Xi + S)ZOg(Xi) , 
, 72r(x; - 1)3 36r(xi - 1)” 

(3) 

- - @;)i(M$) = 
4sin2 ew - 1 xi (xi - 6)(x; - 1) + (32; + ‘J)log(x;) , (4) 

, sin2 ew 16n (Xi - 1)2 1 
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c$(M&) = ’ 
s (xi - 6)(x; - 1) + (3~; + 2)lOg(Xi) 

sin2 ew 167r (Xi - 1)2 I 

; 
(5) I 

- $$)(M$) = _ c$;y’ 2 = ’ 
9 ; u%Y) 

:; 1 -Xi + IOg(Xi) 

sin2 ew 8x (x; - 1)2 
I 

(6) 

where xi = mf/M& and the tilde over the coefficient means that the Kobayashi - 
- Maskawa factor has been removed: ,a 

The full contribution of the t quark to @$ at the scale ~1 is given by: 

2 
9n 

M& 
J 

dq2 --p [c2 + 34 

Ic2 
, 

(7) 

(8) 

where, since we are considering mt N Mw and there are no large logarithms of 

the form log(M&/mi), we take the full expression for C7v,t(M&) as given in Eq. 

(3). Since in the absence of QCD the coefficients C2 = 1 and Cr = 0, the integral - 
contributes the large logarithm in the problem, 

. 2 MS -- log - 
97r ( > P2 ’ 

-- - 
to the right-hand-side of Eq. (8). 

Note that if we had considered the situation where rnf << M$, i.e., xi << 1, 

then the contribution from the quark i is generated at scales from m; down to p 

and the leading term is 

E7vi(p2) x @$(p2) x - 2- 
9 1 

( > 97r 
log% , 

P 
(9) 

as in_Ref. 7. The other contributions in Eqs. (4) - (6) due to the “2 penguin” and 

“w box” graphs, respectively, all vanish in comparison to Eq. (9) in the same limit 



by at least one power of xi. In the limit xi + 0 such non-leading contributions 

are numerically small and therefore dropped, as are the non-leading terms in the 

- “electromagnetic penguin” contribution. 

Even though there is a /-L dependence in the Wilson coefficient in Eq. (l), 

we know that there can be no dependence upon /.L in the total amplitude, as it 

- represents a physical observable. This /J dependence is cancelled by a correspond- 

ing dependence which occurs when we take the matrix elements of the effective 

Hamiltonian, ti, to order e2. 

Now let us introduce the strong interactions in the form of Quantum Chro- 

modynamics (QCD). First, to order e”, non-zero coefficients are generated for the 

first six operators as we move successively down from the weak scale to one quark 

mass and then another. The operators Q3, Q4, Q5, and Q6 arise from “penguin” 

diagrams involving gluons. The operators Q* = %[&2 f &I] are multiplicatively 

renormalized: 

C4P2) = as(M$) =* [ 1 cy (9) GCJGV, s (10) 

- where a+ = 6/(33-2Nf) and a- = -12/(33-2Nf) for Nf quark flavors in leading 

-logarithmic approximation between the scale Mw and the scale p. At the same 

time, to order e2 the coefficients of the operators Q7v and QUA are generated from 

their value at Mw plus mixing effects of the operators Qr and 92 with Q,v or 

-- - QUA. The $enguin” operators, Q3, Q4, Q5, and Q6, which arise only through QCD 

effects, have coefficients which start out at zero at the weak scale. They typically 

never grow to be more than an order of magnitude smaller than the coefficients for 

Qk. So, it is an excellent approximation “I to consider the mixing only of Q* with _ 

Q7v and QUA and the renormalization of Q* as in Eq. (10). In the same spirit we 

neglect the effect of taking matrix elements of the “penguin operators” to order 

e2, which also give a small effect. 

J’he derivation of the QCD corrected contributions when mt N Mw proceeds 

in a straightforward manner, if one follows the general method given in Ref. 7. We 
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have also derived the same result following along the lines of Ref. 8 to obtain: 

- 

where we use Kbp = Q-$)ILys(M&), Ic,/b = ~s(~~)/~s(m~), and I(,/, = 
c~~(~~)/o~(m~) in effective five, four and three quark theories, respectively, and 

$&4 = _ 
, 

l6 (1 - 1(-33/27)K-6’25 
99as (7-n:) dc c/b “bTfk3 

8 
+ 45a,(m3 

(12) 

For K2 + 7r”@-4?- it is only the imaginary (CP violating) part of the amplitude 

which contributes. The rephase invariant Kobayashi-Maskawa factors for charm 

and top are the same, up to a sign: 

In the original parametrization of Ref. 3, the quantities in Eq. (13) are express- -* 

ible as sin&sin t93 sin6 = ~2.~3~6, with cosines of small angles set equal to unity. 
-- - 

Although scales down to ~1 enter the c and t quark contributions separately, it is 

only momentum scales from m, to ml that contribute to the imaginary part. The 

dependence on the scale ~1 cancels out and while the QCD corrections are non- 

negligible, they are fairly insensitive to changes in parameters. This is shown in 

Figure 2, where the QCD corrected e.$ = E$, - @y,),, calculated from Eqs. 

(11) and (12), is indicated with solid curves for AQCD = 100 and 250 MeV as a 

function of the top quark mass. While about a factor of two smaller than the result 

witbut QCD (d as e h d curve), the result does not depend strongly on AQCD or top 

quark mass. 
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To assemble the full coefficient, C7v, we need to add the “2 penguin” and “W 

box” contributions, Those involving the t quark may be taken directly from Eqs. 

(4) and (6), respectively, as these contributions are generated at momentum scales 

from ml to Mw where there are no large logarithms to which QCD corrections are 

applied. For those contributions involving the c quark, there are important QCD 

corrections. However, these contributions, being proportional to xc = m‘f/M$, 

are themselves so small as to be negligible. Even after being reduced by QFD- 
-(y) corrections, the contribution to C7v from the “electromagnetic penguin,” C7v, is 

the largest, because the “2 penguin” is suppressed by the small 2 vector coupling 

to charged leptons. The “Z penguin” contribution does dominate at large rni in 

the coefficient c7A where the axial-vector coupling of the 2 to charged leptons 

-enters. C~A overtakes C7v in magnitude when rnt M 150 GeV. 

To proceed to actu-al branching ratios, we may avoid some arithmetic by re- 

lating the hadronic matrix element of the operator, ~,7,,(1 - y,)d,, which oc- 

curs in Q7v and &A, to that of the corresponding charged current operator, 

&Y/J 1 - 75)~cn which occurs in I(e3 decay, so that form factors and phase space 

are automatically taken care of by measurement of the latter decay! Using this, 
- we find: 

B(1& + T’e+e-) = 1.0 x lo-5 (s2s3sg)2 [(2;,,)2 + (e7A)2] - (44 

The factor in square brackets is shown in Figure 3. With QCD corrections, and 

with rnt between 50 and 200 GeV, it ranges between about 0.1 and 1.0. From mea- 

surements of Kobayashi-Maskawa matrix elements, ~2~3~6 2 2.5 x 10S3. While 

the combination ~2~3.~6 enters other CP violating quantities such as E and E’, im- 

precisely known hadronic matrix elements and mt presently allow a broad range 

of values of this combination. For mt at the low end of the acceptable range (as 

constrained by B” - B” mixing), the allowed region of Kobayashi - Maskawa param- 

eters contracts and ~2~3.~6 must be quite close to 10S3. More generally, a typical - 
value is in this neighborhood. Putting this information into Eq. (14) we see that 



the branching ratio for I(L + x’e+e- from CP violation in the decay amplitude 

alone is around 10-ll. 

- From our present knowledge, the three contributions to the process KL + 

?r’.!+e- could each give rise to a branching ratio in the lo-l1 range. With further 

theoretical and/or experimental work, it is possible that the CP conserving con- 

tribution might yet be shown to be well below this level!‘] CP violation in the 

mass matrix and the decay amplitude, however, give comparable contributions, 

roughly at the lo- I1 level in branching ratio. In general, they will interfere in the 

expression for the total decay rate. _ 

Some care must be exercised about phase conventions in calculating this inter- 

ference. -In the standard phase convention, where the K -+ TT(I = 0) amplitude 

is chosen to be real, the small CP-even admixture in KL is c m (2.275 x 10-3)e’x/4. 

However, at the quark level, penguin diagrams induce a small phase [ into I( + 

‘mr(I = 0). A s a result, in the amplitude for “indirect” CP violation, c + c - it, 

if 111 is small. -A somewhat abbreviated expression for the branching ratio in 

KL + r’e+e- from all CP violating effects is then, 

where we have taken into account the phase conventions mentioned above. Eq. 

(15) indicates the interference of amplitudes coming from “indirect” and “direct” 

CP violation. Neglected is the fact that the two interfering amplitudes (which 

involve vector coupling to the lepton pair) can have a different dependence on 

the pair invariant-mass and the interference can then vary with this quantity. If 

both amplitudes came from short.-distance effects (which is very unlikely”’ for the 

“indirect” CP violation), then the interference is the same for all values of the pair - 
invariant-mass and Eq. (15) stands as written. 

-- 
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Since c’/c M 3 x 1O-3 = -15.66, th e extra piece from the change of basis is 

small, but interferes constructively with that from c. A definitive conclusion as to 

the relative magnitudes of the contributions from “indirect” and “direct” CP viola- 

tion depends on further knowledge of A(K1 + 7r”e+e-), ~2~3.~6, and mt. Similarly, 

constructive or destructive interference between these terms requires a model for 

- the long-distance effects which are inherent in the K1 + w’e+e- amplitude. As 

mt becomes larger, more of the “direct” CP violation comes through QUA. As a 

result, the theoretical predictions become more definitive, as the QCD corrections 

to C~A are very small and this contribution does not interfere in the expression for 

the decay rate with that from “indirect” CP violation. Even for large mt, however, 

it is hard to get a branching ratio that is more than a few times 10-ll. 

We have a major advantage over calculations of other CP violating effects 

in the K” system in that the hadronic matrix element of the relevant operators 

-(&TV and QUA) from the short-distance physics is given to us from I(e3 decay. 

There is no uncertainty here. Nevertheless, we would assign an uncertainty from 

the QCD corrections, the neglect of non-leading QCD terms, and possible “direct” 

CP violating contributions from order e2 matrix elements of Qr to Qs, of 10 to 
- 

20% for C~V, even if we knew mt precisely along with all the Kobayashi-Maskawa 

-parameters. Conversely, if there were both a precise measurement of mt and of 

the ILL + 7r”.f?~- branching ratio that resulted in an isolation of the amplitude 

for “direct” CP violation, there would be an uncertainty of this magnitude in the 
-- - 

extracted value of QS~S~. While not as precise as one might like, this would be 

far better than the determination from c and c’, where non-trivial hadronic matrix 

elements enter. 
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FIGURE CAPTIONS 

1) Three diagrams giving a short distance contribution to the process I( + 

r@e-: (a) the “electromagnetic penguin;” (b) the “2 penguin;” (c) the 

“W box.” 

2) 5;:’ = +‘? - $‘?, ,t as a function of mt without (dashed curve) and with 

(solid-curves) QCD corrections for AQCD = 100 and 250 MeV. 

3) The quantities (&v)~ = (&,t - C~V,~)~ and (&A)~ = (&A;, - (?7&)’ as 

a- function of mt, and their sum, (27~)~ + (e7,4)‘, with (solid curve) and 

without (dashed curve) QCD corrections, which enters the branching ratio 

induced for I<L + r”@e- by CP violation in the decay amplitude. 
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