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I. INTRODUCTION

In this talk I shall focus mostly on discussing the CP viola-
tion consequences of the K~M model, which Kobayashi, Maskfiwa* intro-
duced in '77 for the purpose of incorporating CP violation via the
complexity in the mixing matrix of the quarks. Much of the talk2 is
reviewing current work on the subject. Some new results of mine on
the CP violation effects in exclusive and inclusive decp-s of bottom,
charm and strange particles are also given.

II. THE MIXING MATRIX

In the K-M model, assuming the existence of the yet to be dis-
covered top quark t, there are three doublets, (u,d')L, (c,.1?1)^ and
(t,b')L, where (d',s',b') - (d,s,b)V. V is a. 3 x 3 unitary matrix
V + V - 1. In genera! for n doublets, the number of physically sig-
nificant parameters in V is erjuul to the riu'.rbor of parameters for an
n x n unitary matrix minus the relative: phases of the doublets, i.e.,
rv - (2n - 1). An orthogonal matrix can be characterized by
hn(n - 1) angles, thus the rest of the parameters [n? - (2n - 1)] -
hnin - .1) = h (n - 1) (n - 2) has to be characterized by phases. For
n = 2, V can be characterized by an angle 0c and no phase. For n=3,

V is characterized by three angles and one phase
The V matrix is pdramulri v.oCx by Kobayciuhi and Maskav/a as
f \ /
V V V , \ / c -s c -s c

ud cd td \ / i 12 1 ?
\ / U i5 ,

V = I V V V 1 - I F, C C C C - S S V C S C +C S C ] . „ . .
I us c s t s I I 1 3 l ? 3 ? < ] ? 3 2 3 J ( 2 . D

/ I i&
V v V / \ s s c c s +s c o c s i:i -c c e

ub cb t b / \ 1 3 1 2 3 2 '! 2 2 3 2 3

It is this complexity in V that provides the CP vio.lnt.ion. Thus,
the salient feature of the K-M model is that the_ CP violation effect
is tied with the nonvanishing £rf__s£M£L of the m.rtri_x elements in the
tliird~ row or third co.Uimn, which nk-an'i_th£t__the_b_ jiml_ th_£_ t flavored
particles must have pure hadronic decays. Models wit:h CP violation
coming from the Higgs couplings, by having more Higgs doublets than
the standard SU(2)L x U(l) model, have no such correlation. Actually
in many of these models, the b-flavored particles have only semi-
leptonic decays though thi r, is not imposed on by any first prin-
ciples. '

Since the model is designed to provide CP violation, some of
the parameters must be determined from the CP violation of the K^r
Kg system which, so far, is still the only experimentally estab-



lished system having CP violation. The four parameters of the V
matrix have been so far determined from four sets of experimental
informations. The 0 + -> 0 + nuclear (3 decay rates comparing to that
of p decay (assuming no effects from the mixing of the leptons) de-
termines |Vucj|, and the hyperon semileptonic decays determines
| | ' '1 ||v
973

| u c j | y p p

The r e s u l t s of Shrock and Wang's ana lys is ' 1 in '78 a re |v , j =
| | | | 2 | | 2 U.9737 X .0025, |vus| = .219 + .003, and |vud|

2 + |vus|
2 = .996

y
.0025, |vus| .219 .003, and |vud|

2 + |vus|
2 =

+ .004. p p
of | v

u c j |
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usl
? is loss than one, indicating that the old Cabibbo

t
u c j |
ucj u s

theory was not exactly true and there is "leakage" from the first
two doublets. It allows the third doublet to decay, i.e., the b can
decay into u.

The constraint the other two parameters VCB,
sets of experimenta] information.';, i.e., the KJJ
and the CP violation parameter |c|. To remind you'-> about the pa-

Vc(j we use the two
K,, mass difference

rameter €, consider the tnasn matrix of K > and K > sLat.cs:> K

/ M - iT /2 M - iT /2
/ « 11 11 12 12/

M =
\ M
\ 2

- iT /2 M - iP /2
21 21 22 22

I'j j are transition matrix elumcr.ts from virtual and phys-where Mj j,
ical intermediate states respectively and can be complex numbers.

i_j: i J..I.13^J.*_O " j j - ''22' 11 ' 2 2 ' " i-J-c-Ll-y i j ~ j i ' i j i i '

and CP invar j anca M[^ = M^, V^.- = T • • . Thus CP invariance with CPT
and hermit.icity implies that all M-̂-i / \\A are real. Therefore,
imaginary parts K̂ -. and 1'j__= gives CP violation. Aflor dicigonalizing
the mays matrix M, one obtains tlic: oigenntates IK > = (1 + e) |K°>

| ° I | ° °- (1 - r.)|K° and K
X

g
= (1 + c) |K°> + (1 - r) |K°>, where

12 12
(MR - i ]'R )

1 ? *• 1 2
(2.3)

where the superscripts I, and R stand for imaginary and real parts
respectively. The parameter c can be measured by measuring

n 1 <T\ TT~|H IK >/<I; it" III IK > = c 4 e1 ,
+- ' w1 L ' w1 s

and

oo
where c' =

n = < T I ° i r ° Ii-i I K > / < T ; 7t I n I K > - E. - 2c'

1Ia(A /A )

(2.4)

The 62 and &0 are respectively the 1 = 2 , 1 = 0 phase shifts of
the TTTT .scattering amplitudes. The real part of the off diagonal
matrix element is related to the eigenvalues Ms, M^, Ts, J'L of the
mass matrix M by M^? -

 !j(ML - Ms) , Tf? = -5()'s - rL)', where Ms, r
k s, rs.M L' ^L a r e t h e roass a n d width of K,,, kL respectively. The strategy

here is to take T]2 = h 7-4 x 10~JJ> GeV and V\A ~ 0 from experiment
and calculate M^2/ Mf2 from Fig. (2.]), which involves the mixing
matrix.
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Fig. {?..]). Tho box graph for calculating
the K° - K° transition matrix

The imaginary part MJ? «
 E;] rv.5; r''̂  ^G directly from the complexity

in tho Vjj's. Comparing the ra] col alod M]*?, M*? wi th experimental
number;; K r| = - !a x 3.52 x 10"ls and

|f:| = ! K ; 2 | / V ( M ^ ) ? + Cii'^)' '• 2 - 10-? ,

we thus obtained \'c,s and VC(j. Thrro is one warning in calculating
Mj2: after abstracting all the known weak interaction information
from Fig. (2.1), one still needs to estimate a strong interaction
matrix element >J^ ? = <K

0|[s\vU - TD) d] [sy
11 (1 - Y,))d]JK

0>. Here
tlic uncertainty can be as big as a factor of two from two different
methods of calculations.7'0 Another uncertainty is that we cannot
fix the quadranis in which the angle;: 0 , G and 6 of Eq. (P.I) fall
in; only f, '.' sign (tanO, • tanO, • cor.:' ) m."itte3's. The results are rather
insensitive to the t quark mass. As an example we give one of the
central" values of the V matrix determined in Kef. 8.

u c t

V =
( • »

\ .068

-8S -

--4H +

— '? ''

. 6 0 >••

y. \ x

10 3 i

10" ? i

.48 y

- .B8 -

-.041,

3.? * 10"

1.0 * 10"I)
d

s { 2 . 5 )

b

It is interesting to observe that tin- magnitude of the matrix
element is the largest on the diagonal and decreases as thn element
movi s away from the diagonal, i.e., there are flavor mixings but
they like to keep the original identity. In physical terms, quarks
decay in a cascade fashion. The b particle;: will prominently decay
into charm particles, then charm to strange. This is now supported
by experiment from CliSR. Thet particles will decay mainly into b
particles.



Though the central value of the v matrix, liq.(2.1), has not been
challonged by various considorations, it is important to have in-
dependent determinations of V c s, V"cd in a more model-independent

2

way similar to the determination of V u d, V y s. Here I list a few of
such possibilities:

(1) Obtain V c s frojn D -> £v?X (with K) , and Vccj from D -> HVJJX
(without K) . It i s desirable to study decay rates in e+o~ ->• i|i(3770)
-> DD with one D or D explicitly selected from its exclusivr decays.

(2) From the results of Ref. (12) T(D+ -> 7r+7r°)/r(D+ •* K°ii + )
~ ^|v -,/V,,_|2, which, in addition, has; the nice feature that both
final states n n , Kuir + are exotic, thus free from possible compli-
cation;; of final slate interactions.

(3) Comparing the decays b -> cW - and b -' cW - ouqht to
give information about. V ̂  . ' 1'

It is interesting to note that if \\]dVus / - V c sV c d, i.e., if the
strangeness neutral current, is not caiicol led in the first two doub-
lets then the t quark thai; so far eludes observation is needed. If
V c s| + |VCC}|

 < ii the b flavored particle must decay into charm.

113. CP VIOLATION FROM THE COMPLEXITY
IN THK MASS MATRIX

As we have claburat.ud i :J the last section, the complexity in
the nixing matrix gives rise to the CP violation effect in the K
system. The parameter E K specifies the deviation of Ks, K L from CP
eigenstates. It is Nature's magic that K has a mass so near the 3u
threshold so that Kg (mainly goes to 2ir) and K L (mainly goes to 3ii)
can have such large time differences in life. Such wonder probably
will not happen again in D , D system again. It probably will be
hard to measure E(., rB using the same method as for Tj.. A S pointed
out a few years ago inr.ufs. (13) and (14), the transition of D° -£ D°
(or B^ ~J B ) can give rise to the ar-yrw.otry 6 of saivie si.gn double-
lepton final state in e+e~ •• D°D°X0 (or • Bon°XCl) > t +£+X—, SL~9.~X++

is 6 :'- (N++ - N__)/(N+. + N ) = 4ROF. , whore t". is the CP violation
parameter for D , or B system. It was estimated to be small,
(6 ^ 10~3) for the K-M model, but bigger (6 'v, 10~?) for the Ilicjgs CP
violation. Thjs a large double charcjc asymrr.atry in e+o~ experiment
can rule out- the K-M model. However, such a double lepton charge
asymmetry has sever contarrinarion form the chain semi lepton ic decays
of quarks.

IV. CP VIOLATION IN PARTIAL DECAY liATES

Besides contributing CP violation effects in the mass matrix,
the complexity in the mixing matrix can also rise CP violation in the
decay amplitudes. There have been many earlier studies1 3 <16 < ]''•] 8

on the subject from various points of view. For convenience of dis-
cussion, I shall first use the quark-diagram scheme of Ref. (19) to
give an overall view and also some new results. I shall comment on
the known results where they fit.



The decays of a heavy-quark meson (the bottom, the charm, and
the strange) can be described by six independent amplitudes, a, b,
c, d, e, f, as shown in Fig. (4.1) .

c,b,s ,
' — • uti-*'' • •'• ?•"- •"''

b

^ -

Fig. (4.1)

For a given final state of partial cc, v;o need only to add th<; ap-
propriate qq lines (the hairpin quark .lines) to each diagram and then
project out the given final particle;;. In Rcf. (I1)) the amplitudes
of charm mesons D , D+, l-'+ decaying into two pseudo scalar masons
are given. Tliese diagrcimp are meant to include all strong interac-
tion effects (the gluon lines), which are, .in general, not yet cal-
culable. Thus we do not know the ineKjnJ tiide of each diagram. How-
ever, we can classify experimental results using the diagrams.
Eventually, we can obtain the sizes and phases of these diagrams
from decay rates and CP violation effects, which we shall elaborate.

It was discussed quite some time ago by the authors of Refs.
(13) and (14) that, though CVT predicts equal total decay rate for
particle and anti-particle, the partial decay rates of particle and
anti-particle into CP conjugated final particles can be different
if CP is not invariant. The quark-diagram scheme provides an easy
way to sort out the decay channels where particle and anti-particle
decay rates can be different.

a) CP violation in Charm decay.

In the following we list all the scmi-mixing-anglc-suppressed
decays of D°, D+, F+ into two pseudo mesons, taking from Ref. (19):



A(D° -v K~K+) - V u s V c s ( « + c + C + 2;;> - V u d V c d ( C + 2fj), ( 4 . 1 a )

A(D° •> ii~ir+) = V u £ .V c s (C + 2,^) ~ v
u d

v
c d ( « + C + C +2(J), (4 .1b )

A(D° -> K°K°) = ! »(V u s V c s - V u d V c s ) ( 2 C + 4;$),

A(D° -> T,°ir°) = J - [ V u g V c s ( C + 2jJ) + V^V^ib - C - e - 2jf) ] , ( 4 . 1 c )

A ( D o > n o n O ) , _ i _

A(D°

and

_

A ( D + -> K°K + ) =•- V V In + f ) - V V , ( ( . ' + C) , ( 4 . 2 a )
u s c s ud c d

+ n + 1
A(IJ -> iruii ) = —— V V (a + b) , ( 4 . 2 b )

/-- ud c s

A ( D r -> n°7 i + ) ••—-— v v (•• 2b H ?.c) - v v fa H 6 + 2d + 2c)
f2 u s c s ud c d

( 4 . 2 c )

a n d

A ( F -> K ° I I ) --- V V (:/ + C) - V V {a + c ) , ( 4 . 3 a )
u s cr. ud c d

+ + n 1 y
A(]" > K vu) - [V V (( ' -i t') + V V (/> - c ) l (4 3b)

/— us cs ud cd '

A(F+ -v K°n°) = -—-- [V V (2« + 2b + d + e) + V V ^(6 - t')] (4.3c)
/y us cs; ud cd

For 5° , D~, F~ decays, we replace Vjj in Bqs. (4 .1) , (4.2) and (4.3)
by V* ; . Thcit the amtjlitudes a, b, c, d, (.'., {\ do not change in par-
t i c l e and anti-part . ic3e decays i s a consequence of CP invariance in
strong i n t e r a c t i o n s . I have not l i s t e d the mixing-angle nonsup-
pressed and doubly suppressed channels since they have the same
decay p robab i l i ty for p a r t i c l e and a n t i - p a r t i c l o s , see Ref. 19.

Typical ly , the decay amplitudes for p a r t i c l e , a n t i - p a r t i c l e
aie of the following form, e . g . ,

A(D+ -> K0K+)-VusVcsAJ + VudVcd A?, (4.4a)

A(D •> K°K~}= V* V* Aj + V* V* A?, (4.4b)



where A. = a + e, A2 = d + e. For different decays, Aj, A2 repre-
sents the corresponding combination of amplitudes ft, b, C, d, C as
given in Eqs. (4.1), (4.2) and (4.3). That the partial decay rates
of particle and anti-particle can be different in the K-M model is
due to the complexity in V..,

^ = LzJ. = IM 2 - I»l 2. w h e r e r 5 , A|2 f f = |K|2,

4lm(V V V* V* ) ln(A,A»)
us cs ud cd ___J__

|A|2 + |A|2

J, .rin(A,A*)
^ _ _ . ' /A | • \

We divide the demoniator by s ^ becciuse both |A| ? and |KJ? have

a factor of ;»iZ- A now is again proportional to s2r.,s^. The same

combination contributes t.o the CP violation parameter t. in K. decay.

In addition to mixing angler, and phases, A depends crucially on the

phases and magnitude of A and A. A is; zero if A and A have the same

phase. Unfortunately we do not have reliable ways to calculate A

and A. Therefore, it in extremely difficult to give an accurate

prediction of £. The preterit £.c)!i_-m.- providers the information about

what are tho possible channels where partielo-anti-particle decay

rates can be different.

Using Fig. (4.1), v.-c can work out decay amplitudes for higher

multiplicity final states and for semi-inclusive: decays. Here we

list the channels for which particle and anti-particle- can have

different decay rates:

D~ -+ K°K +, n°7i'1, K"K*X(s = 0 states), n ^ X f s -- 0 states),

K"X(s = + states), K+X(s = + states), n.°X(s = 0 states), etc.

(4.fin)

F* -> K 0 ^ , K'-n°, K''ri°, K°TT"X(S - 0 states), K i;°X(s = 0 states),

^ n 0 (s = 0 states),;: X(s = ! 1 state), K ' X ( S - 0 states), etc.

(4.6b)

> -> K K , 7r 7r , 7i°ir°, n.°i|°, ir°nn, II°II°, and their inclusive stales.

(4.6c)

Here s denotes strancjeness. The inclusive state X for decays of

particle and anti-particle are CP conjugated. It is interesting

to note from Eq. (4.2b), the mixing-angle-semisuppressed decay

D* -»• it0!!* has same decay rate, so do D , 5° > K°K°.



d)

V cb

+ V V Picb cd /

v , (e + £)
cd u '

(4

(4

(4

.7a)

.7b)

.7c)

Here we see a rich variety of channels whore one can search for
CP violation effects. Needless to say high experimental sensitivity,
"n the range of e, is needed in such searches.

b) CP violation in B dacays.

The B -, B^-, B^- -* ordinary (no charm) particle final states:
bu bd bs

We first list the decay amplitudes of the B^-, B^g, B^- to two
ordinary pseudo meson (no charm particle in the final states).

A(Bbu " *~v0) = ^ " [VubVud(a + b + C

A ( Bbd •* » V ) = VubVud(fl + C + <L h &

A(B°- -> IT"V) = V ,V a + v , V , C.
bs ub ud cb cd

he uec that the interference can only come from the loop diagrams
P. and £, the so called "Penguin" diagrams. The partial decay rates
can be different for particle and anti-particle for thn following
channels:

(s =• 0) , (4.8a)

S -• TI n , ii it X u ( s = 0 ) , 7i X ( s = 0 ) , 7i X ( s = 0 ) , ( 4 . 8 b )

^ d '

B - 1
_ b S { . •-> T i V , i r ' K V t s = 0 ) , K V ( U = 0 ) , i [ ' x ' ( s = + 1) . (4 8 c )

B2 )
bs '

The d i f ference of p a r t i a l decay r a t e in the CP conjugated decays
<.re of the form

- 4ljn(V , V ,V*.V*,) Im(A A*)
. r_j;_r ub ud cb cd L J _

" i* + f | A | ? + | A | 2

A * ) / [ | A | 2 + | A | ? ] ( S J ) " 2 ( s 3 ) " ? ,



The important thing here is that A now is proportional to a factor
of (s2/s3) s,.different from that in charm decays, s2s3s. which is
constraint to be small ^ 10"'* by the observed CP violation in K L

decay. From the angle analysis of Ref. (8), we can, in principle,
make S3 very small and s. close to unity. For example, we can choose
S2 = .3, Sj. = 1 and S3 = 0.005, while still being consistent with
all existing data, including the recent results of CESR.10 There-
fore, if the phases of A,, fl, are favorable, A can be large. We see
that the study of CP violation in B decays will provide crucial in-
formation about the angles, phases, and strength of the amplitudes.

Earlier analysis of Bander, Silverman and Soni16 estimated dif-
ferent partial decay rates for B and B from a time-like single gluon
emission diagram.

The B,-, B?-, B,°- -> double charm particle final states:
bu he] bs _

The mixing matrix and amplitude dependences of B - -> D°D ,
B - ->• D+D~, B, - -> F+D~ are listed as follows: U

bd bs

A( B ~ - -> D°D~) •--• v v (a + b + e.) + v v (d + e), M.lOa)
bu cb cd ub ud

A{Bp- -> D+D~) = V . V , (0 + b + C.) + V , V , C, .. , m ,
bd cb cd ub ud (4.10b)

A(B^- >• F+D~) = V V , (a -t b + C) + V , V , £ . (4.10c)
bs cb cd ub ud

Again we see that there can be particle-antiparticle partial
decay rate differences in

(S = 0), [OUc =- + 1), (4.1.1a)

Bbdbd

bd
JJ } -> D+D , D+D X°(s - 0 ) , D"*X (C --- - 1) , D X+(c = T l),(4.11b)
b )

b S > -> F±D''/ F
iDlX°(s = 0 ) , F""x'|c = + 1) , D'x '(»•--=+ 1, c - + 1) .

Rfl ( ~
bs/ (4.11c)

The partial decay rate is given by the same formula as in Eq. (4.9).
Bernabou and Jarlskog18 discussed this situation. But only par Lial rate
difference of Bj_- -> D°D~ is predicted since the diagram P. was ignored.

The dominant decay channels of Bu-, ^ K S ' Bh~ a r o final states
with c = 1. They, in this model, will in general have the same decay
rates between particle and anti-particles, except the case considered
in Ref. (17) where the final states can come from both D° and 5°
state of the same B decay. The interference between D" and D^ pro-
vide CP violation effects. They considered the difference of the
two decays
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(4.12a)

+ +
DnK X —»-K K >;0 S yf H s

The rate difference again is of similar form to that of Eq. (4.9).

c) CP violation in the strange particle decay

Besides the CP violation effects in the K and K^ decays, we
ccn also ask aboxit partial rate differences: It is well known that
K- •>• 7* ' 7i ° jiinHt have t'.ie same decay rr>tes from CPT. Our quark diagram
scheme checks with that. We list the decay amplitudes of K into two
meson:..

A ( K + •> i i ' N i 0 ) - - - - V V , ( a + b) ( 4 . 1 3 a )
v/r2 u s u d

• ) • . -

A(KU -> ii v ) = V V n (a + C + C -I- 2/C) -I- V V ., (C + 2f.), ( 4 . 1 3 b )
u.%> ud OS cd

A ( K ° > n ° i i ° ) == 'v V V (t) 4 C + C.) + V V P . (4.13c)
us ud cs cd

For K decrayr,, samn equations apply except V^j replaced by V*. . Here
wo see that the rate of K" -> II+T;~(TI^) can be different from
K" ->• ii~*~ii Cfi ) and K ->• ifiiii can differ .in decay rates. Note that
the differences here like in the B -> ordinary particle case, conk)
from the interference of the Penguin diagrams. The decay rate dif-
ference is again of the form of Eq. (4.5). They are cilways propor-
tional to s^s.s , therefore of the same oz"der of value as c, de-
pending on the phase and magnitude of A,, A2-

Based on the same quark diagram argument, it is easy to see
that A (A) ->• ir~p(?r+p~) ?:+(Z~) -> pvr°(pit°), piT+(pii~) can have different
part.i clc—anti-particle decay rates. The magnitudes of the differ-
ences are again proportional to s^s^s^.

We .see that the K-M model in our quark diagram formulation
gives a systematic way of study the CP violation in partial decay
rates. It is of interest to do experiments to check these partial
decay rates systematically.

V. THK NEUTRON ELKCTRIC-DIPOI.E MOMENT

There are three form factors for the neutron, <n|j " "(0)|n>
<\. a(p') [Fj (q?)Yy - F?(q

2)opvYv + F3 (q°) i -Y5Opvq
2] u (p) , where Fj (0) = 0

the charge form factor, F2 (0) = \in the magnetic moment and l
?q(0)

= d the electric dipole moment. Again the complexity in V^^ can
give dn of the neutron via the diagrams of Fig. (3a) with a photon
attached in all possible ways. It was first estimated by Kllis,
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Fig. (5cO Fig. (5b)

Diagrams considered for the neutron clectro-dipole moment, where

q^ , qj . arc the qua:ks of charge of -1/3 and 2/3 respoctivoly.

Gail lard, Nanopou"os2fl in "76, 1O~30 cm. Then Shabalin21 showed

that actually the sum of graphs in Fig. (5a) gives dn = 0. Calcu-

lations have also boon done including strong interations2 and

interqunrk exchange forces?3 Fiy. (5b). The results are quite model

dependent but they al] gi.ve very small dn in contrast to the result

from Hiqgs CT violation, which is very close to the- i_xporjmental • '

Limit dn < 1 .6 .10'•?.U

VI. CONCLUDING REMARKS

To end the lecture, I would put these challenges to the

experimentalists:

(1) "Direct" measurements of V K, V d : Inclusive and semi-
c

leptonie decays of charm and B decays,

-> n+ir°)/r(D+ K°n +

(2) To narrow down aJ terna t.i ves to the K-M r.od.l it is crucial

to know the B decay properties: Does B decay only soiV leptonically?

Which decay of B is favored b •> c > s or b •<• u? For these CI-.SR

already have an answer, yes and b ->_c •> s respectively. Is there

b-changing neutral current, b •> q U, B -> U? Some limits are al-

ready given by the CESR Kxperiment.-'
N + + N, N + + - N

(3) CP properties of the charm and the B system: s: , —-pj. + N —

differences of various partial decay rates of CF related channels.

(4) Better neutron electric dipo]e moment measurements.

The real challenge that confronts us is the "family" problem.

How many generations of quarks are there? How does the mixing

come about? What is the origin of CP violation? It is likely that

the current distinction between the K-M origin and comp3ex-Higgs

origin may turn out to be a superfluous one.
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