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1. Introduction

Essentially since the dist:over_ym of CP violation in 1964 the search has been on for
direct CP violation, CP violation in the decay of kaons rather than due to the CP impurity
of Kz and K, i.e., the mixing of Ky and K2. In 1964 as well, Wolfenstein™ proposed
his superweak scenario, where CP violation is present in some new interaction contributing
at Jowest order to the AS = 2 mass matrix. Its contribution to direct CP violation would
therefore be essentially zero. The prediction for the magnitude of direct CP violation in the
Standard Mode! has of course never been nearly as well-determined, although ‘non-zero’
has been accepted for quite some time.

Since the progress of experimental results over the last couple of decades is fairly
well known (and since at any rate this is a theoretical talk) we confine ourself to the usual
summary graph, and from there move on to establishing notation. The main part of this
talk covers the evolution of the Standard Model perspective on ¢ /¢, the measure of direct
CP violation, over the last two decades, culminating in the recent introduction of the Z°
penguin contribution,” which Jeads to the possibility of ¢/¢ crossing zero at large m,
(m: = 200 GeV). We present the phenomenology of € /¢ based on the latest calculations
and the current estimates and bounds on input parameters, and corclude with a brief look
at predictions for ¢/¢ in various non-Standard models.

2. Experimental Microreview

Fig. 1 shows the evolution of the measured value of ¢ /¢ over the last two decades.
Two decades is a convenient cutofl, since many of the results before 1970 tend to be based on
measurements of ngg and 74— (see next section for definitions) by separate experiments. The
results shown, in chronological order, are: 1972, Banner et al Brookhaven/Princeton;
1972, Holder et al.,” CERN; 1979, Christenson et of,' Brookhaven/NYU; 1985, Black
et al," Brookhaven/Yale; 1985, Bernstein et o, Fermilab/U. Chicago/Saclay (E731};
1988, Woods et ol E731; 1988, Burkhardt et al,"? CERN (NA31); 1990, Patterson et
al.,"" E731; 1990, latest NA3L result."” Note that not all measurements from the same
experiment are independent, e.g., the latest NA3I number quoted above includes the 1988

number averaged in.

The latest measurements (bath from 1990) are thase of E731%" and NA31Y?

~04%14£06x10"7  (ET31) 27£09x107%  (NA3I). (2.1)

The hope for the future is to get errors down to (107} in the ~xt five to ten years."”

2



Re(e'/e)

35 T T T T T
25 r -
IS T

[ —
[
" t

_S o
-15 -l -
-25 ad -1
-35 ] PR EUT VR S R ] " ] PR | n

1970 1973 1976 1979 1982 1985 1988 1991

Figure 1. Experimental measurements of Re% (in units of 10~%) from the last
two decades.

3. Conventions, Notations and Beginnings

We begin by stating the conventions that we shall use, and relating them to some of
the other ones in common usage. In the limit where CP is conserved, we have

CPK% =~ |R") CP|R% = ~|K%), (3.1)

giving eigenstates

|K12) = j—’—‘o)—z& (3.2)

Since Iy is CP even it decays quickly to two pions; the CP odd state Nz decays slowly to
three pions.
Introducing CP violation as a small ofl-diagonal element in the mass matrix, the new
eigenstates are given by
M- 51‘ ﬁ'l,!z - -srrz
My—=3T,  M=3T
3

Krs)=ers|Ks) (3.3)




giving
[Kesy=[(1+8 K%+ (1 -8 |R%)] / V201 + J@?) (3.4)

where ¢ is given by the expression

148 ‘Mu—;IT_l;

= . 3.5
A TN ¢

(The  defined here is distinguished with a tilde because, as we shall see, it is only equal to
the observable ¢ in certain phase conventions.) Solving for the eigenvalues ey s and taking

their difference gives

aM - %AI‘ = 2\/ (M,, - %ru) (M;2 - %r;z). (3.6)

We choose to define € and ¢ by the expressions:
_ fax I=0|H|K)
= GrI=01H|Ks) (3.7

= L[ I=AHIK) _ (nr I =2\ H|Ks) (3.8)
SR\ mr I=01H[Ks)  “(wr I =0[H|Ks) ’

where (77 1 = 0,2| denotes a two pion state ( 77~ or 7%7° ) with a definite isospin, 0 or
2. The expression for ¢ can be rewritten as proportional to the diflerence between ¢ and a
quantity like ¢ for the [ = 2 amplitudes, thus showing that ¢ is a measure of the difference
in the relative amounts of CP violation in the ] = 0 and [ = 2 amplitudes.

Using these expressions, the familiar forms

+x=| H | K
{r*e| H 1K) ~ere (3.9)

WS e HIRs)

0,0 ”
Y Gkt L L7 P (3.10)

M0 = 4x0n0| H [ Ks)

follow trivially from the Clebsch-Gordan expansions of the charged and neutral two pion
states into states of isospin zero and two. Here the approximate sign refers to dropping

terms of order e(¢'/¢)?.



With the definitions

(xn 1= 0| H|K°) = dge™  ((nm I = 0] H|R®) = —Aze™™) @3.11)
(rr I =2 H|K®) = Age  ((nn I =2/ H|R®) = —Aze™) (3.12)
we get
e*/4ImAg ’
=4 2 3.13
e=¢e+ 73Redo (3.13)

i(Ba=bo+w/2)
d=" 72 Ei [ImAz'[on"" (3.14)

In the CP conservation limit Ao2 = Aj,. A difference in phase between :40 and A2 means
CP violation in the decay as well as in the mass matrix. Thus, the following three statements
are equivalent:
o #0
» Aj is complex in the basis in which Ag is real
s There is CP violation in the decay.
The usual expression for £ follows from a series of approximations:
1. CP violation small — & << 1 and AM, A" ~ 2ReM12, 2Rel12
2. the observed coincidence AM ~ —AT/2
3. and the expected inequality Iml"2 << ImM2 giving

&= ™ ImMy2/(V2AM). (3.15)

Since ¢ was isolated before these approximations were made, it is unaffected (to
leading order) by these approximations, which could in fact be large compared to ¢'.

For ¢ and ¢ we thus have the expressions

_ e/t fImM2 | ImAg
€= 7 (AM +Rer) (3.16)

_ei(ﬁ—&ﬁw/?) ReAz [ImA2  ImAo

€T/ ReAs RcA:_Rer]' 317

The second term in each expression is a phase convention dependent terni that can, if we
pick an appropriate phase convention, be defined to be zero. (The rest of each expression



is also of course phase convention dependent, in the opposite direction, as ¢ and ¢ are the
phase convention independent observables.) Since there exists a phase convention choice in
which ¢ is given by the first term only (Ao real, a popular choice in the literature), € can be
said to be given by the mass-mixing CP violation (the standard K K box diagram) alone,
and have no contribution from decay CP violation. Normally, however, we calculate in the
“quark basis”, where all phases have been removed from the AS = 1 interactions involving
only the light quarks (as is done in the usual CKM parametrization), and ¢ has a ImAg,
or, as we shall see, “penguin” contribution.

Let us then introduce onstage our first penguin. For the moment we shall stick to
old-fashioned penguins, the gluonic penguin, and introduce photon and Zy penguins later.

Figure 2. The gluonic penguin.

The gluouic penguin is Af = 1/2 only, and therefore only contributes to Ap and not
Az. Its amplitude is complex if the CKM phase § is non-zero. Thus (in the quark basis) ¢
gets a e'™/4¢6//2 contribution where

= Redo (3.18)
and ¢ is proportional to §:
¢ 4

|¢'| = 0.0321¢| or <= 14[¢|. (3.19)

The numbers in eq. (3.19) come from using the experimentally well measured®**

_ ReA2
= (2.258 £0.018) x 10~ — = 0.

led = ( ES ) x 10 ' Redo 0.045 (3.20)

and have been well determined for quite some time now.



It is a reassuring exercise to check that we get the same result in the Ag real phase
convention, which is arrived at by redefining the K phases:

Ave = Ag RO = e RO) [£%) — ¥ |RO). (3.21)
Then
Im (K| M | &°) — Im {3 (K| 1 |R%) }
(3.22)
= Im (K°|M |R°) + 2£Re (K| M |RK°)
giving
ImMi2 - ImMj2 ¢, (3.23)

aM aM T
in agreement with above, using AAM = 2ReM)2.

In the Standard Model, the imaginary parts of both the box and penguin diagrams are
proportional to sin 4, the non-trivial phase in the CKM matrix. Thus the Standard Model
accommodates CP violation but does not predict it, since sin & is arbitrary. Moreover, if
the mass matrix CP violation (¢) is of Standard Model origin, i.e. is due to a CKM matrix
with a non-zero phase, then (barring “accidental” cancellations), ‘;' is non-zero, i.e., there
is direct CP violation as well. The task at hand in determining 5(1 consists of

1. overcoming calculational difficulties

2. determining (or at least constraining) siné from other experimental and theoretical

inputs.

4. Evolution of the Theoretical Perspective

Before moving on to the most recent theoretical developments, namely the realization
of the importance of the photon and Zy penguins, we would like to establish a context by
reviewing the evolution of the theoretical outlook and expectations for ¢//¢ over the last
two decades. We must emphasize that this is only a partial and somewhat arbitrary survey,
intended to give the flavor of progress and a general timetable rather than an encyclopedic

summary.

1973 — We start our timetable with Kobayashi and Maskawa," who showed that four
quarks (and minimal gauge bosons, Higgses, etc.) were insufficient to produce
CP violation, i.e., that extra fields are needed. They suggested, among other
scenarios, a six quark model. They made no prediction for ¢'/¢.

1974 ~ The charm quark (or rather the J/t) is discovered.™
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1976 —

1976 —

76 -9 —
1979 —

1979 -

1981 =

Weinberg"” proposes a model with extra Higgses that could account for CP
violation (see 1981) solely in the Higgs sector, with no phases in the quark mass
matrix. Particularly interesting before six quarks were known to exist, since if
there are six quarks there is no particular reason for the mass matrix phase to

be zero.
Ellis, Gaillard and Nanopoulos have penguins (not by name) but estimate

them to have magnitude similar to the W loop diagram that results if one neglects
the gluon in the penguin diagram. The resultant 1/MZ, suppression led them to

(18]

. ¢ 1
estimate l{-l < 355+
Penguins get named, bottom (or rather the Upsilon) gets discovered."”

First Gilman and Wisem paper — calculates the ratio of the imaginary and
real parts of the penguin amplitude to lowest order. The calculation depends on:
4, = tan™! V"‘ (these days expected to be in the range 1 —5°); u (a light hadron
mass scale) and m;. The phase sin § is fixed by using the measured value of ¢.
They estimated I‘—'l 5 -135 to ﬁ;-ﬁ. The first number comes from taking m; = 15

GeV, pu = 0.2 GeV, and 9 = 15°. ‘?, decreases as my, m¢/u and #; increase.
Recalling from eq. (3.19) that £, the penguin contribution to ¢ in the quark basis,
is about thirty times ¢/, we see that with these estimates the penguin contribution
to ¢ itself could be quite significant.

Second Gilman and Wise™ paper — calculates the ratio of the imaginary and
real parts of the penguin amplitude by doing an all orders leading logarithm
calculation using successively W boson very heavy; top quark very heavy; bottom
quark very heavy; charm quark very heavy. The parameters are §; and m, again,

and the QCD scale parameter A in

1

a(@%) = 33 2n1mj (4.1)

In addition a evaluated at the scale of light hadrons was varied between 0.75 and
1.25. With A% = 0.1 GeV? |£| = & to gy for me = 15-30 GeV, 8; = 15°; with

A% =001 GeV? |&| = ks to 5k for me = 15 = 30 GeV, 6, = 15°.

Deshpande;™ Sanda™ rule out Weinberg's CP-violation model by calculating
penguins to get |“:| = 0.045 (this number might be modified by the inclusion of
non-gluonic penguin diagram:s).

Afler Lhis period of establishing how to calculate penguins, a somewhat more phe-
nomenological era was entered, {rom about 1983 to 1987. During this time period changes

8



in the theoretical estimation of '7’| came more from the incorporation of bounds or im-
proved values for input parameters in the calculation than any fundamental changes in the
way the penguins were calculated.
1983 — Gilman and H_agelin"'l used bounds from Ky — uy, as well as the experimentally
measured value of ¢, to come up with the bound

<

€

1983 - Gilman and Hagelin,m' and Buras et al.,”™ used measurements of the b lifetime
along with bounds on T(b — u)/I'(b — ¢) to get bounds such as

033

X penguiny uncertainties. (4.2)
By

22x 1073

20.005 to 0.01. (4.3)

These bounds, however, are only good for m, in the then expected range 30 to
50 GeV, and drop sharply for larger my.
We conclude the discussion of this phenomenological era by showing the situation in
1987. With gluonic penguins recalculated for large m¢ and BB mixing constraints taken
into account,

10~3 < le'/e} <7 x 1073 (4.4)

was considered®™ representative.

Fig. 3 shows the predicted €/¢ versus m, from Altarelli and Franzini® in 1987 for
what were then considered central expectations for the relevant parameters.

In terms of a parameterization of the CKKM matrix based on those of Maiani™ and
Wolfenstein: ™ ’
Ve Vas Vi 1-£ A ANpev
Vel Vg Vo Vul= -A - A |, (4.5)
Vie Vie Vi AX(1=pe™) —AXt )

the values used are p = 0.6 (corresponding to I'(b — u)/I'(b = ¢) = 0.04), A = 1.05 and
By = 1. All ‘penguiny’ uncertainties (including an estimate of photon and mgnn’ effects) are
included in the parameter P, which is expected to be in the range 0.5 to 5. The constraint of
By By mixing (as first measured by ARGUS,™ z4 = (AM/I") g, = 0.73+0.18) is imposed,
and gives the upper (low m;) boundary (minimal mixing) and the lower (high m,) boundary
(maximal mixing). The constraint of the experimental value of ¢ is not imposed here to
constrain the phase in the CKXM matrix; cos é = +1 gives the upper right boundary and
cos ¢ = —1 gives the lower left boundary. Decreasing the value of p used would bring these
contours inwards, The vertical lines indicate the variations of some of the contour points
when P is varied as indicated and also A =0.88 for P > 2.5 and A = 1.22 for P < 2.5.
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Figure 3. Calculated values of ¢ /¢ versus m, for A = 1.05, p = 0.6, B = 1,
P'= 2.5. The vertical lines indicate variations due to the values of P shown, and,
for P > 2.5, A=0.88; for P < 2.5, A =1.22.

5. The Era of the Electroweak Penguin

The main differences between 1981 and 1991 are:
1) More/different information on input parameters:
m; expected to be high
more information from (4 — u)/I'(b — ¢) limits, and from the measurement of
BB mixing.
As a result, the Standard Model expectations for ¢ /¢ have moved from a range of %
t0 735 to a few %1073, probably =1 x 103,
2) Electroweak penguins:

As a consequence of m; being large, photon, and most importantly, Z° penguins,
are not negligible, as previously was assumed. And the 29 contribution tends
towards cancelling the gluonic contribution. While the photon and Z° contri-
butions are f_— suppressed, they are ﬁ-‘:‘ enhanced, since they can contribute to
the Al = % amplitude as well as to the Al = % amplitude, unlike the gluonic

contribution.
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The Standard Mode! expectations for /¢ then move to a range of —0.3 to 2 x 10~3
depending on m,. This is particularly notable in that /e being identically zero is not
excluded in the Standard Model, contrary to the beliefs held for many years now.

In 1989, Flynn and Randall” calculated the effects of the photen and 29 penguins.
The photon penguin increases ¢ /¢, and for this reason was generally more or less ignored
in past calculations, since it tends to cancel the effects due to isospin breaking corrections
from ~® mixing with 5 and 7/, which are estimated (see below) to decrease ¢ /¢ by about 25
to 45%. But the dominant effect is the decrease due to the 2° contribution, for m, greater
than about 100 GeV. This is illustrated in Figure 4.

T T T T

02 |- -
3 921 1
00 | T —
0.2 |~ Qemp e
04 | :
PPN RPUUPE BRI RV BN BT,

50 s 100 128 tw 173 200

m, (CeV)
Figure 4. Terms contributing to ¢'/¢ from electroweak penguins, from Ref. 3.
The dotted and solid lines show the variation due to varying the 4 flavor QCD
scale parameter A, from 100 MeV (solid) to 300 MeV (dotted). These calculations
are done in the vacuum insértion approximation. The Qs are defined in the text.

The quantities 2 are defined so that

e
- = (:-) 1 (1+Qsmp+ Qa7 + Qogyp + 7). (5.1)
gluon

Qemp (elecu;omagne!.ic penguin) is the chirally enhanced contribution from the photon and
Zp penguins that transforms as (8£,8g). 27 is another piece transforming as (27, Ip).
Q44 is the isospin breaking correction term mentioned above.

A similar calculation was done shortly afterwards by Buchalla et af.,™ including
some smaller terms and calculating using the }/N method. Their results are in good
agreement with those of Flynn and Randall, and we present. some of their phenomenological
results here. A related paper has also been published by Paschos, Schneider and Wu.™
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First in Fig. 5 we present the analogous fig wre to Fig. 4, from Buchalla et af. Their Q
is defined with the opposite sign. ! is the surr of all the terms shown, plus 2 constant value
ol 0.3 for Q0,4 ,y, based on a 1987 1/N caleulation of Buras and Gerard™ giving 0.27,
and a 1986 chiral perturbation theury calculation of Donoghue et al.® giving 0.40 + 0.06.
Qewp (siectroweak penguin) is (with opposite sign) the same as the Qeyp of Ref. 3.
Rocter and Qp are additional terms previously estimated by Flynn and Randall to be small.
2 reaches 1, and therefore ¢ /¢ crosses zero, for m; around 200 GeV.

1.5 T T T

g i
0S ,_’ EWP

nac!et

% 100 150 200 250
m, (GeV)

Figure 5. Terms contributing to €/¢ from electroweak penguins, fro:n Ref. 32,
for A = 0.2 GeV and m,(1 GeV) = 175 MeV. These calculations are done using

the 1/N method. The Qs are defined in the text.

Figure 6 summarizes the eflect of adding Zp penguins un € /e. A central set of values
is used: B = 0.75, R = I'§ — ue™5)/T(d = ce~5) = 0.02, sp3 = Vi = 0.05, A = 0.2
GeV, and m,(1 GeV) = 175 MeV. Curve 1) is the pure QCD case, the inclusion of gluonic
penguins alone, or setting agep = 0. Curve 2) shows the result of including the x%;y’
effects and the photonic penguins, without the Z° penguins, showing that these diagrams
do indeed cancel to good approximation. Curve 3) is the full analysis of Ref. 32, jincluding
29 penguins, W box diagrams, and using the 1/N approach to estimate matrix elements,
Curve 4), for comparison, is the same calculation using the vacuum insertion approximation
to estimate matrix elements. Figure 7 shows the value of m; at which ¢ fe crosses zero for
varying my(1 GeV) and A.
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Figure 6. Penguin dependence of /¢ versus m;, from Ref. 32. 1) corresponds
to gluon penguins only; 3) to the full result; see text for details. = -~
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/l-\‘igure 7. The value of my at which ¢ /¢ crosses zero for varying m,(1 GeV) and

6. State-of-the-Phenomenoiogy

In the rest of this talk we concentrate on showing some of the current phenomenoclogy
of ¢'f¢, from Rel. 32.

The inputs are:




1) m; — enters short distance analysis of ¢, €/e, BB mixing

2) Agep, ms{l GeV) — enters Wilson coefficient functions, and hadronic matrix ele-
ments in the pinguini

3) Br, B=T(b— u)/T(b—¢c), sna (sxa = szg\/g) — enters into determining sin §

4) p — scale at which Wilson coefficient functions are evaluated.

The constraints are the experimental measurements of ¢ and BB mixing, and the
expected ranges 0.6 § By < 0.9, 0.01 < R < 0.03, and 0.046 < s23 < 0.052.

Fig. 8 shows the allowed range in the CKM phase & versus rm; from fitting €5 t0 €ezp
for 0.046 < s23 < 0.052 and the narrowed ranges 0.7 € By < 0.8 and 0.015 < R <0.025.
Note the two distinct solution sets. The constraint from BB mixing will tend to pick one

or the ather of these two sets.

180 i i i H i 3 L A—"
135+ -
- 0.015= & 2 0025
@ 07:8,208
:.,' 90 - QO 2 S3y20052
=
-]
451 -
0 } I [ ] ] ] ] 1
50 100 150 200 250
my {GeV)

Figure 8. Allowed range in the CKM phase § versus m; from fitting ¢, to eczp.

Fig. 9 shows the lower limit on m, versus sza, R and’ By, from imposing € = €exp.
Note that the limits have improved due to better determination of &.

In the next figure, Fig. 10, we show the allowed region in m, versus fg from BB
mixing as we close in on the central values of R, By and s3 (Bp is taken to be 1), The
number used for B2 mixing is based on the combined results of the ARGUS measurement ™
and the CLEQ measurement,™ z4 = (AM/T)g, = 0.700.13. While the region iz pretty
much unconstrained by current knowledge, we see that improvements in the determination
of R, By and sz3 will impose significant constraints. In particular, if we believe that the
central values of R, By and sp3 are the preferred values (though this is not necessarily
true) we see that the allowed region tends to split into a high m, region (where § < §) and
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Figure 9. Lower limits on m; vs s23 (in units of 10~2), # and By from € = €czp.
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Figure 10. Allowed region in m, (hatched region) versus fg from the constraints

of the measured values of ¢ and BB mixi

By, and s23.
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set, hence there was no sin § greater or less than 7/2 uncertainty.

Figure 11 shows the aliowed range in ¢ /¢ versus m,(1 GeV) for various values of my,
and the ranges for By, i and 323 given before, along with 0.1 GeV < A < 0.3 GeV.

L) T { L4 1 ¥ LR

3k my=90GeV ] my= 125G eV
2 e -+ -
1 b <+ -
_ OF i -
& 1 -
LR ot A —
oar m,=200GeV T m, =250GeV -
Zrrr e | .

0r W
-1 1 1 1 ! M| ! 1 i

125 200 125 200

mg (MeV)

Figure 11. Allowed range (hatched) of /¢ versus my(1 GeV) for various m;,

and 06 < By < 0.9, 0.01 £ R < 0.03, 0.046 < 523 < 0.052, and 0.1 GeV
S A <03 GeV.

Figure 12 highlights the effect possible due to the first and second quadrant solutions
for the phase 6. For various values of m, the two solutions for ¢/¢ versus m, are shown.
The central values B = 0.75, R = 0.02, 533 = 0.05 and A = 0.2 GeV are used. Here only
the measured value of ¢ has been used; the additional constraint of 85 mixing will tend to
faver § > = /2 for my small (i.e., the lower curve), and 6 < #/2 for m; large. This selection
thus further favors small ¢'fe.
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Figure 12. ¢/c versus mq for the central values of By, R, s23 and A, and the
two possible solutions for the CKM phase 6.
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7. Exotica

Before concluding a few words about ¢ /e outside the Standard Model are in order.

o Two-Higgs doublet models — not to be confused with Weinberg's"” Higgs-CP vio-
lating model, which has more than two doublets, and is explicitly designed so that
all CP violation comes frora the Higgs sector. Instead here we are talking about how
the prediction for ¢’/c changes in a general extension of the standard model with an
additional Higgs doublet. In addition to the penguin diagrams discussed previously,
we have analogous ones where the W between the quark lines is replaced by a physical
charged Higgs. It turns out that ¢'/c is even more suppressed (see Ref. 37; also Ref.
38) in a two-Higgs doublet extension than in the standard model; it can cross zero
for m, around 100 GeV, for example, if Ay = 150 GeV; it crosses zero for lower m,
when Afy is bigger.

Four generation models — there is of course much greater freedom in CKM type

parameters, and a new ¢’ quark. As a result, negative values of ¢’ /¢ (even for m, less

1?
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than 180 GeV), or moderately larger values, are easier to achieve.™

o Superweak scenario — proposed by Wolfenstein in 1964 . Since CP violation in this
scenario is due to some interaction contributing at lowest order to the AS = 2 mass
matrix, its contribution to direct CP violation would be essentially zero.

Barr and Freire™ give a discussion of an explicit diquark model that is superweak,
as well as milliweak diquark and leptoquark models. .

8. Conclusions

We conclude with Figure 13, the experimental measurements of ¢ /e that we started
with, with the evolution of the theoretical estimates added. We see a trend of convergence,
and that € /¢ is once more expected to be smaller than previous expectations.

Re(e'/e)
35, L A B B L I B RN A IR SR B N
. e- - E
]
25 F i -
L . 4
ih
15 F ii b 1
" 1
b :E es : e
| . j MR R LN
s | 1 ]
..15 - -]
-25 pon -
-35 " ! L —l U - ) [ I

1970 1973 1976 1979 1982 1985 1988 1991

Figure 13. Experimental measurements of Rg‘.: (in units of 10™3) from the last
E.;'o ;iees?de (solid), along with evolution of the theoretical expectation for ¢'/¢
ashed).

While the theoretical picture of ¢/ has clearly undergone much evolution over the
past two decades, there are still many missing pieces, Some of these (e.g., my, &, and B8
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mixing) we will hopefully get further clues on experimentally in the near future, along with
the next generation of ¢ /¢ measurements. We look toward lattice gauge theory calculations
for the other big steps needed, in pinning down parameters like By, fg and in general
the uncertainties with which penguin calculations are fraught. In fact, Lusignoli, Maiani,
Martinelli and Reina!® have just re-examined CP-violation in view of the most recent
lattice QCD results. They find that, since these results favor larger values of fg than those
considered by Buchalla et al.,, the § < 7/2 solution, which gives larger values of ¢ /e (see
Figure 12), is preferred down to lower values of my (around 130 éeV) than predicted by
Buchalla et al.. This leads to values for ¢//e bigger by a factor of 1.5 to 2 for m, in an
intermediate range (roughly 130 to 160 GeV).
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