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We describe some of the extensions of the SM, including nsogiéh spontaneous CP violation, where New Physics relefaartP
violation may arise. Itis emphasized that the SM predictries of exact relations among various measurable quss)titich as moduli
of CKM matrix elements and rephasing invariant phases. gkgact relations provide a stringent test of the SM, withpibiential to
reveal New Physics.

1 Introduction one would like to have a deeper understanding of the ori-
gin of CP violation. Such an understanding will certainly

The study of CP violation in its multiple aspects is likely require a framework of physics beyond the SM. One may
to continue playing a crucial role in testing the Standardask, for example, the question whether there are any con-
Model(SM) and in searching for New Physics. So far, all Nections among the various possible manifestations of CP
experimental data on flavour physics and CP violatibh [ 1] violation, namely those in the quark sector, and in the lep-
are in agreement with the SM and its Kobayashi-Maskawaonic sector. In particular one may ask whether there is any
(KM) mechanism [2]. This agreement is impressive, sincerelation between leptonic CP violation observable in neu-
one has to accommodate a large number of data with onljfino oscillations and CP violation needed for leptogesesi
a few parameters. The Cabibbo, Kobayashi and Maskawbl, [E]. [ IZ]. Or one may also wonder whether all mani-
(CKM) matrix is characterized by four parameters which festations of CP violation have a common origin [ 8].

one can choose to be the three angleand the phasé ) o
of the standard parametrizatiofil[ 3]. The valuesgfs, In most of the extensions of the SM, it is necessary to con-
andss (s = sing ) can be determined by the experimen- trol the new sources of CP violation in order to conform to

tal value of|Vysl, Vel and|Vus|. Once these parameters the.ex.perimental valqe ojK, as well as to the experimen-
are fixed, one has to fit, using only the phase large tal limits on the electric dipole moments of the neutron and

amount of data, such ag, ¢/, sin(28), AMg,, AMg.. It the electron. A notable example is the supersymmetric ex-
I} ) ) ) d ! s*”

is remarkable that these five experimental quantities can b&nsion of the SM, where in general a very large number of
fitted with only one parameter, namely the KM phase new phases arise, leading to the so ca!led supersymmetnc

CP problem, which can be solved by either assuming that
In spite of this success of the SM, the search for Newthe new phases are small or by having an alternative sup-
Physics through the study of CP violation phenomena ispression mechanisni] 9].

well motivated by various reasons, such as: We will not present a general discussion of models of CP

i) CP violation is closely related to the least understoed as violation since it is beyond the scope of this contribution.

pects of the SM, namely the Higgs sector and the structurdnstead, we will divide models of CP violation into two.
of Yukawa couplings. broad classes, based on the nature of CP breaking, which

. _ may be spontaneous or explicit. One of the motivations for
||) Almost any extension of the SM has new sources of CPhaving spontaneous CP violation, as emphasized by Lee
violation. [ IQ] in his pioneering work is puting the breaking of CP
iii) CP violation is one of the crucial ingredients needed to O the same footing as the breaking of gauge symmetry,

generate the Baryon Asymmetry of the Universe (BAU). which is spontaneously broken. Another motivation has to
It has been established that the strength of CP violatiorf'® With the fact that spontaneous CP breaking provides an
in the SM is not sfficient to generate the observed BAU. altérnative solution to the strong CP problem.[ 1111 12],
Therefore, in all successful baryogenesis scenariogydacl [ 131 [14] (apart from the Peccei Quinn solution[I15]) in

ing baryogenesis through leptogenesis [ 4], new sources Oli.nodels wher@ naturally vanishes at tree level and it is cal-
CP violation are present culable in higher orders. Furthermore, it was shown some

_ o _ _ time ago that CP can be spontaneously broken in string the-
iv) Although CP violation can be incorporated in the SM ory [[1€] and more recently it has been pointed out that in
through the introduction of complex Yukawa couplings, some string theory compactifications, CP is an exact gauge
*The analysis presented in section 3 was done in collabaratiith symmetry and thus its breaking has to be spontaneous [
F. J. Botella, M. Nebot and M. N. Rebelo in Ref]144] 14).
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2 The Breaking of CP: Explicit or Sponta- +Vvo(YSYST + YSYIT) coso
neous? +iviva(YSYST = YSYST) sing] (3)

Indeed, one of the basic questions one may ask about CP

is whether it is explicitly broken at the Lagrangian level or Although there is only one physical phase, namely:

on the contrary, it is a good symmetry of the Lagrangian, g, — ¢,), it is clear from Egs. [[2) and]3) that due to
spontaneously broken by the vacuum. It is remarkable thathe arbitrariness of¢, Y, the matricest,, Hq are arbitrary
two of the most interesting models of CP violation, sug- hermitian matrices. As a result, there will be in general a
gested in the early days of gauge theories were publishe@on-trivial CP violating phase in the CKM matrix. For any
in the same year (1973) and belong to each one of the abovgpecific choice off?, Y! this can be explicitly verified by
categories. We are refering to the Two-Higgs-Doublet- computing the mvarlant [18] quantity = tr[Hy, Hq]®.
Model (THDM) suggested by Lee, where CP is sponta-For three fermion generations the non-vanishing of this
neously broken and the celebrated KM model [ 2] whereweak-basis invariant is a necessary anflisient condi-

CP is explicitly broken at the Lagrangian level, through tjon for having CP violation mediated by charged weak-
the introduction of complex Yukawa couplings. Next we nteractions.

consider some of the simplest extensions of the SM which

allow for spontaneous CP violation. From the above discussion, one concludes that in the three
fermion generations version of the Lee model, one has two
21 TheleeModd sources of CP violation, namely:

It can be read”y shown that in the SM with 0n|y one H|ggs |) The usual KM mechanism Contrlbutlng to CP V|O|at|0n
doublet, CP cannot be spontaneously broken. Lee ham decay amplitudes as well as K — K, BY - Bd and
proposed a minimal extension of the SM where sponta—Bo
neous CP violation (SCPV) can be achieved, through the
introduction of two Higgs doublets. Due to the presenceii) Flavour-changing neutral Higgs mediated interactions
in the Higgs potential of terms of the form}bzcb}bz , giving additional tree level contributions to the neutrad-m
DI D] D1 , OID,DID, the potencial is sensitive to the SON mixings mentioned in i).

relative phase between the vevs of the two neutral Higg
fields,< ¢‘j’ >=v; exp(s;). There is a region of the param-

BS mixings through the usual box diagrams.

SThe above generalization of the Lee model to three fermion
generations illustrates a very common situation, where one

eters of the Higgs pot_en_nal for which its MINIMUM COMe- a5 the KM mechanism, together with other sources of CP
sponds to a non vanishingy = (6, — 6;). This leads in violation.

general to spontaneous CP violation. At the time Lee sug-

gested this model, only two (incomplete) generations wereOne of the potential drawbacks of the Lee model, is the
known. In this case, the only source of CP violation was fact that the existence of Higgs mediated flavour-changing
Higgs exchange. If one considers the THDM with SCPV neutral currents(FCNC) at tree level requires very heavy
in the framework of the 3-fermion-generations SM, a non- neutral scalars, of the order of a few Tev, unless there is
trivial KM phase is generated in the CKM matrix, in spite some suppression mechanism] 19]. It has been shown that
of the fact that Yukawa couplings are real. This can bein the framework of two-Higgs-doublets models, the intro-
readily verified, by noting that the quark mass matrices forduction of appropriate discrete symmetries | 20] leads to

the down and up quarks have the form: the suppression of the FCNC vertex between, for example,
two down-type quarks i and j by products of the CKM ma-
My = L [viE?Yd + vpdtvd trix elements of the typ&,V,;, wherea denotes one of
¢ \F[ ! 2 ] the up-type quarks. In the cage=t,i = d, andj = s

(1) this suppression is quite strong, and in that class of models
neutral Higgs may be relatively light (e.g. 100-200 GeV),
even in the presence of Higgs mediated FCNC.

Wherer, Y, stand for the Yukawa coupling matrices. One

obtains for the hermitian quark mass matrices: 2.2 Multi-Higgs Models with Natural Flavour Con-
servation

My =% [vae1YY + voeite Yy

One may, of course, eliminate altogether FCNC in the two-

Hy = MgM! = %[VinYfT +v§YngT Higgs-doublets models by implementing Natural Flavour
+v1vz(YngT " YngT) cosd Conservation (NFP) in the Higgs_ sec_tor throughyadis-
) dudT  ududTy o crete symmetry [[21]. However, in this case, the structure
—ivivo(Y]Y5' = YSYT') sind] (2)

of the Higgs potential is such that no spontaneous CP vi-
Ho = MyM{ = 1[V2YIVET 4+ \2YUYsT olation can be achieved, unless the discrete symmetry is
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softly broken [[Z2]. If one insists on NFC, then a mini- D°. The scalar potential will contain terms imand S
mum number of three Higgs doublets are necessary in orwith no phase dependence, together with terms of the form
der to achieve spontaneous CP violation] 23]. This class(u? + 1:S*S + A2¢"$)(S? + S*2) + 13(S* + S**) which, in

of models with NFC, three Higgs doublets and SCPV hasgeneral, lead to the spontaneous breaking of T and CP in-
the special feature that the CKM matrix is real ] 24] and variance [ 3B] withy andS acquiring vacuum expectation
CP violation arises exclusively through Higgs exchange [values (vevs) of the form:

28]. The essential reason why the CKM is real in this case

has to do with the fact that th& symmetry constraingg (@ = V(s = Vexp(a) @

to couple to only one of the Higgs doublets ( and simi- V2 V2

larly for ug). In this case, any phase can be rotated away

from the quark mass matrices, through a redefinition of theln this class of models the presence of the vector-like quark
righthanded quark fields. In the version of the three Higgs-D° plays a crucial rdle, since it is through the couplings
doublet model, with explicit CP violation[[ 26] and in the (f4S + fq'S*)D_Edg that the phase appears in thefiective
presence of three fermion generations, one has again twgass matrix for the down standard-like quarks. It can be
sources of CP violation, namely the KM mechanism andshown that the phas&w, generated through spontaneous

Higgs exchange. CP violation is not suppressed by factorsipf For very
largeV (e.g.V ~ Mgyt ~ 10'® Gev),dkw is the only left-
2.3 SCPV in Supersymmetric Extensions of the SM over dfect at low energies, from spontaneous CP breaking

The Minimal Supersymmetric Standard Model (MSSM) at high energies. For not so large a valuéf/oqt_a._g.,v of
the order of a few Tev) the appearance of significant flavour

has two Higgs doublets and therefore it is a natural candi- . .
date to achieve SCPV. However, it is not possible to obtainChalnglng neutral cgrre_nts (FCNC) in the down_quz?\rk sector
SCPV in the MSSM at tree level, due essentially to the fact ©2ds to new contributions 8, — By andBs — Bs mixing

that SUSY does not allow some of the couplings which are}’;rr] K(:;Ta ;asn rilrt:é t&igg]i nscémn?ecsn;;hge?:;etct}%lssngtgeN CS: I\;re
presentin the general THDM. Since SUSY has to be softly y yS.

broken, radiative corrections can induce new CP vioIatingClosely related to the non-unitarity of the3 CKM ma-

operators which could induce CP breaking] 27]. However,mx’ with both dfects suppressed by powersif

- L . This class of models has been extended to the leptonic sec-
the possibility that radiative corrections can cause SCPV, . :
: . ) , - tor where the role of vector-like quarks is played by the
requires the existence of a light scaldr| 28] which is ex-

cluded by LEP. It has been shown that one may achieverighthanded neutrinos. It was pointed ol [ 8] that in such

SCPV in the Next-to-Minimal-Supersymmetric-Standard- a framework, all manifestations of CP violation may have a
Model (NMSSM) [129], [[30], [[(31] where a singlet super- common origin. In particular, the phaselefined in Eq.(4)

field is added to the Higgs sector. In this case, the CKMgenerates cP viola_tion in the quark sector, in th_e Ieptor_wic
matrix is real [24], essentially due to the same reason ex-"secf[Or ‘Tﬂ low energies (meaguraple for ex.ample In neutrino
plained above for the 3-Higgs doublet model with SCPV osp|llat|ons), as well as CP violation required by leptogen
and NFC. Inthe NMSSM with SCPV all couplings are real, esis.

so that CP is a good symmetry of the Lagrangian. However

the physical relative phases of the Higgs doublet and sin3 Precision Tests of the SM and the Search
glet enter in the chargino and neutralino mass matrices as  for New Physics

well as in some vertices. As a result, it has been shown

that chargino box diagrams can generdid [ 31] th? observegom the discussion in the previous section it should be
experlmgtal value ogx. As far asg,./g' ,andaj/‘“(s' ithas  tiaar that when one considers extensions of the SM, the
been pointed out that S_USY contributions in these moldels1mjst common situation is having the usual KM mecha-

can saturate the experimental valuésl[ 28]][ 32], proV'dednism, together with other sources of CP violation. This

there is maximal LR squark mixing. is of course the case when one assumes that CP is explic-
o . itly broken at the Lagrangian level. What is remarkable, is
24 Spontaneous CP Violation Generated at a High  the fact that it is also true for some of the models of SCPV,
Energy Scale where all the couplings of the Lagrangian are real.
If one maintains the fermion spectrum of the SM, the Inour analysis, we will assume that the tree level weak de-

THDM suggested by Lee has the simplest Higgs struc-cays are dominated by the SM W-exchange diagrams, thus
ture needed to generate spontaneous CP breaking capalféplying that the extraction oVus|, [Vun| and[Ve| from

of accounting for the experimentally observed CP viola- €xperiment continues to be valid even in the presence of
tion. However, it is possible to generate relevant spon-New Physics (NP). We WE)” allow for contriblétions from
taneous CP violation with only one Higgs doub¢eand NP in processes IikBg — B4 mixing andB? — B, mixing,

one complex scalar singl&, provided that one also in- as well as in penguin diagrams. Since the SM contributes
troduces at least one singlet chargé vectorial quark  to these processes only at loop level, tffees of NP are
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more likely to be detectable. Examples of processes whichurthermore, in order to fix the invariant phases entering
are sensitive to NP, are the CP asymmetries correspondn B° CP asymmetries, it is useful to adopt the following
ing to the decay8’; — J/¥WKs andB% — 77~ which phase conventior [ -39]:

are dfected by NP contributions th - ES mixing. Sig- )

nificant contributions td§ — By andB? — B, mixing can 0 x 7
arise in many of the extensions of the SM, such as modelsargw) ={7 0 0
with vector-like quarks [[34] and supersymmetric exten- B m+x 0
sions of the SM [35]. Vector-like quarks naturally arise
in theories with large extra-dimensions | 36], as well as in
some grand-unified theories lik&;. As previously men-
tioned, the presence of vector-like quarks leads to a small

(6)

Through the measurement of CP asymmetries, one can ob-
tain the phases of the rephasing invariant quantities:

deviation of 3x 3 unitarity of Vcxw which in turn leads @ U8, A(Eg - f)

to Z-mediated new contributions @ — By andBY-B.  Af = (D_B) m ;

mixings. In the minimal Supersymmetric Standard Model K q

(MSSM) the size of SUSY contributions 8 — E‘; and q A(Eg R 7)

BY — B. mixing crucially depends on the choice of soft- /l?) = (ﬁ) — (7)
breaking terms, but there is a wide range of the parameter Pe, A(Bg - f)

space where SUSY contributions can be significant. Re-
cently, it has been pointed ouf]137] that in the context of 1he first factor im@ is due to mixing and its phase equals

. . . . f
SUSY SO(10), therellsf an interesting connection betweert_zﬂ) and 2 for By andBs, respectively. Let us consider
the observed large mixing in atmosp_hoerlc neutrinos and they, o general case where New Physics (NP) also contributes
size of the SUSY contribution tB2 — B¢ mixing, whichis  to the mixing. It is convenient to parametrize the NP con-

expected to be large in this class of models. tributions in the following way:

The standard way of testing the compatibility of the SM

with the existing data consists of adopting the Wolfenstein M@ — (M(q))S'V' r2e-2%
parametrization[[ 38] and plotting in thex plane the con- 12 12 a

straints derived from various experimental inputs, like th AMg, = (AMBq)SM rg (8)

value ofeg, the size of V| / [Vel, the value ofay/yk,, as

well as the strength a8l - BY andB? - B, mixings. The o (e \SM
! . . " ABq — . M(q) — 1Bq e2l¢q (9)
challenge for the SM is then to find a region in then o5 exp(| arg( 12 o8
plane where all the constraints are simultaneously satisfie = ™ a
A complementary way of testing the SM, consists of using

exact relations connecting measurable quantities, namel& — o5 and D
. o . - = - 2 = 2y for By andBsd ,
moduli of Vckm and the arguments of rephasing invariant re(serJ ;c(fi(\i/)ely. ﬁﬂiggleaﬁr/ :hii: 4 f a?: dodr 2: - SO \(/ev((:)?llj

q?{ahrtetssl\./l Thzsfe ﬁelatflons ff? n.be Id e{lved N tl:.e fraTeworgignal the presence of NP. It is not easy to sepgdditem
orthe and foflow from the iImplicit asSUmption ot uni- — \heqiple NP contributionsg) in BY decays likeB% —

tarity of Vexm. They have the interesting feature of being J/W¥Ks. This renders specially important the measurement
|n(_1§pendetn_t of any particular parametrization of the quarkof ¥, which does not sier from contamination of NP in
mixing matrix. the mixing. Note thay can be either directly measured [

40] or obtained through the knowledge of the asymmetries

. . . _ d _ (@
3.1 Choiceof Rephasing Invariant Phases AypKs = 'm(ﬁ(a/)ws)* At = Im(/ln(in’)' Indeed the phase

¢4 cancels in the sum + 8 = (1 —y — B+ ¢q) + (B — pa)
Using the freedom to rephase quark fields, it can be readand one has:
ily shown that the 3« 3 sector of a CKM matrix of arbi-
trary size contains only four independent rephasingirvari _ 1 : . 10
ant phases. It is convenient to make the following choice: Y= [arcsinay i, +arcsigy | (10)

In the presence of NP, the phases from mixing become

Note that we are using,+,- = sin(Zx) that can be extracted
_ - £\ ) — _ Vv from the experimental asymmetry through variouSed
¥ = AGVudVen Vi Vo) arg( \\/"’d\ﬁb ent approaches[41]. Ongeis known, can be readily
B = arg-VedVin V3 Vi) = arg(— VTZVC*E) ) obtained, using unitarity and the knowledge\df|, [Vus|,
¥ = arg-VepVieViVs) = arg(— : [Vl The knowledge of, together witha, gk, leads then
os7tb VioVig to the determination afy. Of course, this evaluation g
X' = arg-VusVedV Ves) = arg(— vcsvzd) will be restricted by the precision d¥i|, since|Vys|, Ve
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are extracted from experiment with good accuracy. Simi- (i) Eq.(I9) has the important feature of only involv-

lar considerations apply to the extractionrgfrs or rq/rs ing quantities which are not sensitive to the possible
from AMe, andAMe, where|ViVip|, [VisViy| or its ratio, presence of New Physics B} — By mixing. It has,
have to be reconstructed preV|0US|y using Un|tar|ty. of course, the disadvantage of requiring the knowl-
_ edge ofVp| with significant precision, in order to be
3.2 Exact Relations a precise test of the SM.
Using orthogonality of dTere_nt rows and ﬁerent (i) Eq.@8) gives, to an excellent approximationjn
columns ofVckm, One can obtain various exact relations terms ofy andg. This relation will provide an im-
involving moduli and rephasing invariant phases, such as: portant test of the SM onae y andg are measured.
Vol IV, Note that in the SM, one knows thatis of order
siny = M sing (11) [Vusl, the importance of EQ.{18) is that it provides
Vis] |VCS_| the constant of proportionality.
|V b| _ |Vcd| |Vcb| SmIB (12)
ui - A
|Vu_d| ?“’1(7 +) In the context of the SM the above formulae can also be
siny = [Vus| [Vedl [Vepl SinBsiny + x’) (13 ver useful for a precise determination\dky from in-
Vil Vipl Vual - singy + B) put data: for example, i andy are measured with suf-
siny [Vus! [Vl ficient accuracy, one can use EGSI(1B}] (15) to determine
sinG +x) = Vel Vol (14) [Vwols [Vial- One can thus reconstruct the full CKM matrix,
 [Ved Vel siny using|Vusl, [Val, 8 andy as input parameters. Furthermore

[Vidl =

- 15 i ' in’
Nol  SinG +5) (15) we can also predict the SM value for sjp @nd siny’.

The above expressions can also be used to detect, in a quan-

Since the above formulae have the potential of prOVidingtitative way, the presence of New PhysicsBf) B and
1 - d

precise tests of the SM, we have opted for writing exact re- o =0 ..
lations. However, it is obvious that given the experimental OF Bs — Bs mixings. For example, Eq.{l.2), we see that
knowledge on the size of the various moduli of the CKM this unitarity relation can only befiected by the presence
matrix elements, some of the above relations can be, t®f ¢a, therefore this equation allows for a clean extraction
an excellent approximation, substituted by simpler onesOf ¢d-(d)By writing Eq.[I2) in terms of and¢q (note that
For example, EJ13) is the exact version of the Aleksan-IM(2), ) = sin(28)) we get
London-Kayser relation[42], the importance of which has

been emphasized by Silva and Wolfensteinl[ 43] : R, sin(y +B) - sin(ﬁ)

tan(¢q) = ——= = (20)
Sy ~ IVus® singsiny (16) COS(,B) -Ry cos(y +,3)
X NV SinG + B) |
with
Similarly Eq.[T1) can be well approximated by:
_ [Mudl Vol
Ry = et (21)
. Vusl . [Ved! Vool
siny =~ r|V | sing a7
u From Eq[I2ZD), we can find out the bounds that can be
while Eqs [Ib) andT14) lead, respectively to: reached fowpy, once we have a direct measuremeny of
To illustrate the usefulness of EqsI12) ahdl (20) one can
siny consider examples of fierent sets of assumed data which
ro= |Vl sin(y + ) (18) hopefully will be available in the near future. For definite-
. Vusl V| . ness let us consider the most optimistic scenario, where NP
Siny =~ TVl siny (19) is discovered, corresponding to the following exanfple
Cl
Itis worthwhile to illustrate how these relations can beduse [Vus| = 0.221+ 0.002
to test the SM: |Vep| = 0.0417+ 0.0010
V| = (4.05+ 0.21) x 1073 (22)

() Eqg.(T) and its approximate form EG.{17) would pro- —
vide an excellent test of the SM, onger andgare A = (30.0+0.3)% = (20+£9)°
measured. Note that the th_eooretical errors in extract- ) S )
ingr = Vil / [Vig from Bg_ B, andB? - B, mixings the re§ult|ng¢d distribution is presepted in Fig.1 corre-
are much smaller than those present in the extractiorsPonding togq = (-16.3+3.2)° In this case, one would
of |Vl, [Visl. 2For more examples see Réf144]
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to differentiate among the various models where such new
contributions may arise.
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Figure 1. Thegy distribution in degrees corresponding to an ex-
ample where New Physics is clearly detected.
2

have a clear indication of NP in the phaseB3f- Eﬁ mix-
ing. Note that for this choice of the value ofsx would
not be saturated by the SM contribution. Therefore, in this
example one would conclude that NP also contributes to
EK.

4 Conclusions

We have described the main features of CP violation in a
variety of models beyond the SM, emphasizing that the
most common situation is having the KM mechanism to-
gether with some extra sources of CP violation. Often this

New Physics gives additional contributionsl?.g)— EZ and

Bg-EZ mixings which can fiect the predictions for the var-
ious CP asymmetries. Furthermore, we have pointed out
that the SM predicts a series of exact relations connecting
measurable quantities like moduli and rephasing invariant
guartets of the CKM matrix which provide a stringent test
of the SM, with the potential of revealing New Physics.
This is specially true if, on the one hang, xs and even-
tually y are measured in the present or future B factories
and, on the other hand, there is a significant decrease in the
theoretical uncertainties in the evaluation of the relévan
hadronic matrix elements. These tests may complement
the standard analysis in then plane.

In the search for New Physics through CP violation, the
first step is, of course, to find a clear deviation from the
predictions of the SM for flavour physics and CP viola-
tion. If the need for New Physics is established through, for

. . =0

example, the appearance of new contnbqunB&o— By
=0 . . .

andor B2 — B, mixings, a much more éicult task will be

5.
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