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Abstract. Different CP and T violation models are discussed in
view of using their particular features to experimentally ascer-
tain which of these models are realized in nature. For example,
recording the electric dipole moments of the neutron and elec-
tron close to their experimental limits or only one or two orders
of magnitude smaller would be evidence for the presence of CP
violation sources other than the Kobayashi — Maskawa phase in
the Standard Model. As for CPT invariance, which predicts, in
particular, the equality of the particle and antiparticle masses,
the ratio of the difference between the K” and K” masses to their
sum being below 10~13 is considered to be the best test of CPT
symmetry. However, an extremely small value of this ratio does
not necessarily imply extremely small parameters of the CPT
violation in {K° K°}-system decays. The existing data only
indicate that these parameters must not exceed 30% of the
known CP violation parameter 5 ,_. Other experiments for
high-precision testing of CPT invariance are discussed.
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1. Introduction

The world of elementary particles is described by relativistic
quantum field theory. It deals with the density of the
Lagrangian that contains the local interaction and is invar-
iant with respect to Lorentz rotations. The locality means that
the Lagrangian density contains only field operators and
finite order derivatives of them. Also, it is assumed that
fields with integer spins satisfy ordinary commutation
relations and fields with half-integer spins satisfy antic-
ommutation relations.

Such a theory is called CPT-invariant, i.e. invariant with
respect to the product of C, P, and T transformations [1, 2],
where C is the charge conjugation operator, P is the
operator of space reflection, and T is the time inversion
operator.

The operator C converts particles into antiparticles, while
the C-parity of neutral fields with an integer spin is
determined by the C-parity of the states to which they can
pass as a result of interactions conserving the C-parity. The
ability of a photon to pass into a fermion —antifermion system
with negative charge parity implies that the photon is a C-odd
particle, whereas a n° meson decaying into two photons turns
out to be a C-even object.

The operator P changes the signs of the space coordinates
of the fields as well as the signs of the momentum and of the
electric and pseudoscalar fields. The energy, spin and the
magnetic and scalar fields do not change their signs.
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The operator T substitutes the time — for ¢ and reverses
the process so that the initial and final particles replace each
other.

Historically, the theory of elementary particles has been
constructed for years so that the Lagrangian density be
invariant with respect to each of the C, P or T transforma-
tions taken alone, regardless of the interaction type. The
presence of such invariance in strong and electromagnetic
interactions was confirmed experimentally, but its relevance
to weak interactions remained to be clarified.

Although Michel [3] considered whether or not the P
invariance is a strong symmetry as early as in 1952, later
observations of neutral K meson decay into 2 and 3= states
differing in P-parity cast serious doubt on P-parity conserva-
tion in weak interactions. Feynman expressed this doubt at
the VI Annual Rochester Conference in 1956 [4], where he
repeated the question once posed by Block, as to whether 6-
and 7- are two parity-differing states of the same particle
lacking a definite parity (which means parity nonconserva-
tion)!. Thereafter, possible consequences of P invariance
violation in weak interactions were analyzed by Lee and
Yang [5]. The experiment suggested by them and implemen-
ted by Wu and her co-workers [6] soon confirmed the
nonconservation of P invariance in the § decay of polarized
%Co nuclei. The number of electrons emitted along the
direction of the nuclear spin and in the opposite direction
proved to be different, suggesting the presence of a P-odd
term op, in the expression for the decay probability.

Of great importance for the understanding of discrete
symmetries was the observation [7] that such a correlation is
impossible in the case of C invariance conservation. It was
concluded in Ref. [7] that P-parity violation is accompanied
by the violation of C-parity. Later, this issue was considered
at greater length in Ref. [8] (see also Nobel lectures [9, 10]
devoted to the discovery of CP invariance violation).

Further experimental studies confirmed that P-parity is
not conserved in the series of decays 1 — p — e [11] and in
hyperon decays [12]. Correlations in decays 1 — p — e gave
evidence that neither spatial nor charge parity is conserved,
unlike temporal parity.

Trying to save the symmetry of the microcosm, even if
partially, Landau [13] suggested the hypothesis that interac-
tions of elementary particles are invariant with respect to
combined inversion, i.e. to the product of C and P transfor-
mations. In the V'— A4 theory of weak interactions formulated
at the same period [14], P and C invariances were completely
violated, but the interaction remained CP-invariant.

The hypothesis of CP invariance was short-lived. It was
shown in 1964 [15] that CP symmetry is only approximate.
Newly formed neutral K mesons are superpositions of states
differing in CP parity [16]:

K :L(KMKO) K :L(K‘LKO) (1)

1 \/i ) 2 \/E )

where K” = CP(K®). One (K;) can decay into a CP-even
system 27, while the other (K;) to a CP-odd system 3n. The
significantly smaller phase volume of the 3n-system accounts
for the long lifetime of the K, meson, and decays into 37 states
should occur only far from the birth point of K° (K®) mesons.
The admixture of 2r decays detected at this point may imply

'T am grateful to L B Okun’, who brought to my attention Refs [3, 4]
containing these historical facts.

the presence of K, — K transitions, i.e. the violation of CP
invariance.

Search for decays K) — n*n~ forbidden by the CP
invariance has been ongoing since 1958 [17, 18], but only in
a Dubna experiment [19] was the total number of K$ mesons
(597) sufficient to observe one decay into nn~. Unfortu-
nately, this decay was not recorded in the observed set for
statistical reasons, and the discovery of CP violation was
delayed for two years. The history of studies that eventually
resulted in the discovery of CP invariance violation is
described in Ref. [20].

In experiments with neutral K mesons, the CP violation
was of the order of 0.2%. Generally speaking, CP violation in
weak processes may be either significantly smaller or much
greater than in K — 21 decays. For example, the current
theory predicts CP-odd effects of the order of unity for rare
decays K; — n®1*17, K; — n’vv, and for certain decays of
the system of {B°, B’} mesons.

Thus, weak interactions appear to be noninvariant with
respect to C, P, and CP transformations. What conclusions
can be drawn as regards T invariance? If interactions between
elementary particles are invariant with respect to the most
fundamental CPT transformation, then T invariance viola-
tion should take place in the class of interactions with violated
CP invariance, such that the T transformation offsets the
noninvariance arising from the CP transformation.

Therefore, in the CPT-invariant world, the factors giving
rise to CP-even effects are at the same time sources of T-odd
effects. Among these factors is the complexity of certain
coupling constants and amplitudes of single-particle transi-
tions in the original theory. For example, in the effective
Lagrangian of CP-odd K < K, transitions,

L(K; « Ky) = gKiK3 + g"K[K3,

where the asterisk indicates complex conjugation, the con-
stant g must be imaginary because, in accordance with (1), K,
is an Hermitian field, K, is an anti-Hermitian field, and the
Lagrangian must also be Hermitian.

The problem of CP invariance violation arose more than
35 years ago and has called into being numerous publications.
The readers can familiarize themselves with the most
important theoretical and experimental studies on the
subject from papers, reviews, and monographs [21—34],
which also consider possibilities of testing CP invariance. In
particular, the development of ideas can be traced from the
materials published in Usp. Fiz. Nauk [35].

The present review does not pretend to a comprehensive
discussion of all CP and CPT problems touched upon in the
literature. This ambitious task would require a much longer
paper to be written. The author restricts himself to high-
lighting recent progress in the field of interest and compar-
ing predictions of different CP violation models that can be
used to check up the reality of various sources of such
violation.

The sources of CP violation discussed in the literature are
numerous. They include (1) the complexity of coupling
constants of gauge interactions in the electroweak theory;
(2) ‘soft’ (spontaneous) and ‘explicit’ violation of CP
symmetry in the multi-Higgs sector, resulting in the complex-
ity of the Yukawa coupling constants; (3) the complexity of
coupling and mass constants in the supersymmetric general-
ization of the Standard Model of the theory; (4) superweak
interaction altering the strangeness by two units, in combina-
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tion with other CP violation mechanisms; and (5) other, more
exotic sources.

Elucidation of CP violation sources responsible for a self-
consistent picture of CP effects could facilitate understanding
the nature of such violation. Self-consistency implies an
explanation of such a global phenomenon (among others) as
the cosmic disbalance between matter and antimatter.
Conditions necessary for the baryon—antibaryon asymme-
try of the Universe to arise (as formulated by Sakharov [36];
see also [37—39]) include C and CP invariance violation.

The most natural source of CP violation is source (1)
realized in the framework of the Standard Model [40] and
considered in Section 2. However, this source appears
insufficient to obtain the observed baryon asymmetry

M8 10010710,

Ty
[41, 42] (see also reviews [43]) 2. Other potential sources of CP
violation are considered in Sections 3—5.

At present, there is no experimental evidence for CPT
symmetry violation. But the interest in testing CPT invariance
has not cooled since the time of discovery of CP violation
because such a violation would mean that certain postulates
of quantum theory are not completely adequate to what is
observed in nature. Interest has been further fueled in recent
decades by the creation of the theory of strings as nonlocal
objects exhibiting nonlocal interactions [44, 45] and by the
development of a modified quantum mechanics that admits
the evolution of pure states into mixed ones [46, 47]. In the
latter case, the estimate based on the assumption of CPT
invariance violation on scales /p = 1/mp; ~ 10733 cm indi-
cates that this violation might make a 1% contribution to the
CP violation in {K° K°} — 2r decays [48]°. The situation
pertaining to the verification of CPT symmetry is considered
in Section 6.

2. CP and T invariance violation
in the Standard Model

The Standard Model (SM) [40] deals with the Lagrangian
density of the strong quark — gluon interaction in the form

strong _ G;leGiv + Z q <1y” + &Gty — mq>q,
(2)
where G¢ is the antisymmetric tensor of the gluon field

w
strength, G¢ and ¢¢ are the generators of the color group

SU(3). The number of different quarks is six:
g =u,c,t,d,s,b.

None of the general principles, including theory renorma-
lizability, forbids the addition of the so-called 6-term [49]:

2

AL = —0 6§ b G, Gy (3)

2 Ref. [39] questions the validity of this inference.

3 Such an estimate is optimistic. Generally speaking, it follows from naive
dimensional considerations for the CPT-odd parameter 4 discussed in
Section 6 that

n
mg myg

A ()
mg, — mMgg \/mp|

Therefore, CPT violation is likely to be observed only in the case of n = 1,
when 4 ~ 1073,

This term is explicitly CP-odd and must lead to the violation
of CP invariance in processes with flavor conservation. The
theory imposes no constraint on the value of the parameter 6,
but it follows from the data on the neutron electric dipole
moment (see below) that 0 < 3 x 10710,

The use of the constraint on a T-noninvariant value
(electric dipole moment) for a limitation on CP violation is
dictated by the coincidence of these constraints in a CPT
invariant theory, such as SM. Since the parameter 0 is
extremely small, the effects of the 0-term in processes with a
change of flavor are also negligibly small. Effects of the 0-
term in processes with conserved flavor will be considered in
Section 2.8.

Weak interactions between quarks and charged W-bosons
are described by the Lagrangian

1+75

Ly = gpr

~ d
U= (3,c,t), D=<S),
b

and Vis the 3 x 3 matrix of flavor mixing in charged currents.
In terms of CP violation, it is important that certain elements
of this matrix may be complex. Specifically, non-zero phases
are permitted to appear in a unitary n X n matrix at n > 3,
their total number being (n — 1)(n — 2)/2.

The appearance of a phase in the theory with three quark
generations was first noted by Kobayashi and Maskawa [50]
for whom it was named. The matrix of flavor mixing was
named after Cabibbo, Kobayashi, and Maskawa (CKM
matrix). The CKM matrix in the modification of Kobayashi
and Maskawa has the form

VDW, +H.c., (4)

€1 —51€3
S1C2 C1C263 — $2853 €XP 0
$182  €18203 + €283 €Xp 0

—5183
C1C283 + 8263 €Xp 0
C18283 — 23 €XP 0

V= , ()

where ¢; = cos 0;, s; = sin 0;.

Other forms of parametrization are also frequently used,
e.g. that proposed by Wolfenstein [51] and emphasizing the
angle size hierarchy, s; > s, > s3:

1-2%)2 Y A3 (p —in)
V= - 1-2%)2 A)? ., (6)
AP —p—in) —AX? 1

where A = s; and A4, p, n are real numbers of the order of
unity. It should be stressed that the predicted physics of the
phenomena is independent of the choice of parametrization.

The flavor is conserved and the corresponding coupling
constants remain real in quark interactions with neutral Z-
bosons. Quarks interact not only with vector mesons but also
with the Higgs field doublet ® = (&, ®°). In the case of a
spontaneous symmetry breaking, three of the four real fields
forming this doublet undergo conversion to longitudinal
components of the vector fields W+, W—, Z°, which, in
turn, being massless transverse fields, become massive (see,
for instance, Ref. [33]). The remaining neutral scalar field
interacts with fermions in a CP-invariant mode. Hence, the
complexity of matrix V' elements is the sole source of CP
violation in SM.
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Figure 1. Diagrams contributing to the CP-conserving and CP-violating parts of the mass matrix of the {K°, K°} meson system (a, b) and to the direct

violation of CP invariance in the decay amplitude (c—f).

2.1 CP effects in {K° K°} — 27 decays

The complexity of certain interaction constants ggW is
responsible for two kinds of CP violation in neutral K meson
decays, as shown in the diagrams in Fig. 1. Diagrams la and
1b of the so-called ‘box’ type correspond to transitions with a
change of strangeness by two units. Their real part determines
the mass splitting of K; and K, mesons, while the imaginary
part describes the CP violation leading to K; < K, transi-
tions. As a result, the states of neutral K mesons with a certain
mass and lifetime are actually superpositions of states with
different CP parities:

K= Srteke o KooKy 7
1+ 1+ e

The effects produced by diagrams la and 1b are very
weak, because they arise in the second order with respect to
the Fermi constant Gg. Thus,

mg, —m

2 Ks v 1.4 x 10714, (8)

mg
However, it is due to this smallness that the violation of CP
invariance is not very small, since the decays K; — 2m are
described by the diagram in Fig. 2, in which the difference

I

Figure 2. Diagram showing how the mechanism of CP violation repre-
sented by diagrams la and 1b makes possible the transition K; — 2.

mg, — mg, appears in the denominator and cancels out the
smallness of the CP-odd part of the amplitude (Kg|K,).
Therefore, the CP-violation parameter ¢ is actually deter-
mined by the ratio of the imaginary to the real part in
diagrams la and 1b, which lacks G2 and contains a
dependence on the parameters of the matrix V-
&~ $538ind ~ 10~3sind. The observed CP violation is
small but incidentally, that is because of the smallness of the
matrix ¥ parameters s, s3 rather than the smallness of the
phase 9.

The imaginary part of diagram lc describes a direct
violation of CP invariance in the K; — 2n decay amplitude.
This violation occurs in that part of the amplitude which
corresponds to the transition into a state of two T mesons with
the isotopic spin 7 = 0. It would be indistinguishable from
the violation initiated by diagrams la and 1b but for the
presence of a part corresponding to the transition into the
state (2n, T = 2| in the amplitude. Because n*n~ and n’n°
states are different compositions of the states with 7= 0 and
T =2, the direct CP violation in these charge states is
manifest to different degrees.

As a result, the CP violation in K; — 2n decays is
characterized by two parameters:

_AKp —ntn)
e = A(Kg — )
A(K; — n°n°)

— — £ — !
oo = A(Ks — n0n0) e- 2,

—ete, ©)

(10)

where

, AK) —2n,T=2)
& = .
AKY — 21, T=0)

(11)

Similar to ¢, the parameter ¢’ is proportional to s;s3 sin é
but has additional sources of smallness. Specifically, being
manifest due to a small admixture of transitions to the state
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T = 2, it is proportional to the small ratio

m: T=2|Ks) 1
w= ~

(12)

~

(2, T = 0[Ks) 22

and to g2/16n> by virtue of the loop integration in diagram
lc. Itis for this reason that the ¢/ /¢ ratio was initially expected
to be of the order of (3—5) x 1073 (see, for instance, Ref. [52]).

However, the situation changed dramatically after it was
found that diagram 1d with an intermediate photon is also of
importance. The contribution corresponding to this diagram
is suppressed by the factor oy /s but enhanced by the
absence of the factor w due to the isotopic noninvariance of
the electromagnetic interaction. With the t-quark mass m; =
150—180 GeV, this contribution is negative and results in a
significant decrease of the predicted ¢’ /¢ ratio [53].

Theoretical calculations of ¢’/¢ were made taking into
consideration corrections introduced by the ‘clothing’ of the
diagrams in Fig. 1 with a gluon cloud and in view of various
assumptions concerning the mode of transformation of four-
quark operators associated with these diagrams into ampli-
tudes of physical K and © mesons. Also, various assumptions
concerning the mass of the virtual s-quark mg(g?) were
employed.

Because of arising uncertainties, the theoretical predic-
tions are characterized by a marked dispersion:

6.7+0.7 [54]
e\ 31425 [59
Z) =10 ) 13
() 7 s (13
1.5-31.6 [57]

The current experimental data are

2.30 £0.65 [58]

e\ 5106407  [59]

(E) =107 281041 [60)° (14)
1.85+£0.75 [61]

All available data except those reported in Ref. [59] as
compatible with ¢’ = 0 appear to be evidence for a non-zero
value of &’. This excludes the Wolfenstein superweak
interaction model [62] as the sole source of CP violation.
The Lagrangian of this model has the form

Lo =igewK?>+H.c., (15)

where K is the K® meson field and the constant gswisreal. The
Lagrangian (15) produces only ¢ # 0. However, superweak
interaction could remain a source of the main contribution to
¢ if combined with other mechanisms capable of producing
the observed ¢’ value.

One more CP-odd effect in K; meson decays is charge
asymmetry in semi-leptonic decays

'Ky —1"vn) = I(Kp — 17vnt)

5 =
PTTK, = 1vn )+ T(Ky, — 1 vet)

~ 2Rec.

(16)

According to experimental data,
or =(3.3340.14) x 1073,

in agreement with the measured parameters 5, _ and 7,
defined by formulas (9) and (10):

Ny =R Hy = 2.28 % 10_3 exp (1 . 440) .

2.2 Predictions of SM for CP effects in K* — 37 decays
Studies of CP effects in K* — 3m decays shed new light on the
direct violation of CP invariance, the only one permitted in
charged K meson decays, which is due to the relatively weak
suppression of AT =3/2 transitions compared with
AT =1/2163, 64].

The simplest case in terms of detection is the comparison

of Kt - ntrntn~ and K~ — n~n n' transitions. The
observable CP effects include
K+ trntnT) — MK~ ot
AF:(+—>nnn) (7—>TET[‘I1:)7 (17)
'Kt —-ntntn )+ 'K~ - - nt)
(+) — o)
_ &g g
A= e (18)
Here, the slope parameters g&) are given by the relation
2
|M(K*(k) — n*(p1) m*(p2) " (p3))|
§3 — 50
~14+g®) pronnlREEE (19)

s

with 53 = (k — p3)%, 50 = (1/3)(m% + m2).

These effects become observable due to the presence of
terms with differing dynamic structure in the amplitude and
to the effect of T meson rescattering in the final state. Indeed,
the decay amplitude (conditionally) has the form

A(KT) = a(s1,52,53) expi(dq + @) + b(s1,52,53) expidy
A(K™) = a(s1,$2,53) expi(dy — @) + b(s1,52,53) expioy ,

where functions @ and b show a different dependence on their
arguments, J, and J, are the phase shifts caused by © meson
rescattering, and ¢ is a phase arising from the Kobayashi—
Maskawa (KM) phase. Then,

|AKH)[? = |A(K)[* = 4absin (8, — 6,)sin .

In the leading approximation of the momentum expansion, a
and b are associated with those parts of the amplitude which
correspond to transitions AT = 1/2 and AT = 3/2.

Although the b/a ratio in the decays being considered is
not small, the expected CP effects are insignificant,
AT ~ 1077, due to the smallness of sin (5, — &,) [67—69].
For this reason, the statement of the authors of Ref. [70] that
in the next approximation in p? these effects increase by
almost two orders of magnitude gave rise to an interest and an
urge to test this inference by independent calculations. In the
p* approximation, the contributions of the ‘penguin’® and
other diagrams to the 4, amplitude acquire a different (in p*
terms) dynamic structure, thus making possible their inter-
ference inside the 4, /, amplitude.

Unfortunately, this new source of CP-odd correlations is
not very strong. According to estimates in Ref. [73] (made,
however without real calculations of the p* corrections and
taking into account only the smallness of the final particle
rescattering phases), it might be expected that Ag ~ 2 x 1079,

4 Effects of final particle rescattering in the CP-invariant theory were
considered in Refs [65, 66].

3 The attribute ‘penguin’ was applied by J Ellis and co-workers [71] to
diagram Ic first considered in Ref. [72] ,where its contribution was found
to be responsible for a marked increase in the amplitude A7 = 1/2 in K
meson decays.
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AT ~ 6 x 1073, The real calculation of p* corrections yielded

Ag <3 x107sind [64], Al <2.5x 10 °sind [74],

(20)

i.e. around 30 times smaller than in Ref. [70] at a KM phase
value of 6 =n/2. It will be shown below that a certain
increase of CP effects in K — 31 decays can be expected in
the case of CP violation in the extended Higgs sector of the
electroweak interaction theory.

2.3 Predictions of SM for rare decays of K mesons
In certain rare decays of K mesons, the CP-odd part of the
amplitude is either comparable with the CP-even part or even
predominates over it. This allows more reliable testing of SM
predictions for CP-odd effects and a more accurate determi-
nation of CKM matrix parameters. Such decays are
K, — nlete”, KT — nfvv, K; — 7. In the first two
decays, the amplitude contains both CP-even and CP-odd
parts, while the third one has only a CP-odd amplitude [see
Eqn (27)].

It is expected that the contribution of the CP-invariant
transient 2y state in the K; — nf%eTe™ decay gives the relative
probability of decay [75]

Br(K, — n’e"e™),, <4 x 107", (21)
For the CP-odd mixing K, — K, it is [76]
Br (K, — n’e"e™); ey = (1.6—6) x 10712, (22)

Finally, the contribution of direct CP violation leads to [77]

Br (K, — nleTe )y = (5£2) x 1072, (23)
It follows from these estimates that, although the contribu-
tion of the direct CP violation is difficult to distinguish, it
would be useful for testing SM to confirm that the main
contribution to the decay probability comes from a CP-odd

interaction. So far, experiments have given [78]

Br(K, — nlete™)™ <43 x 107, (24)

The probability of a K — nvv decay also depends on
the CP-even and CP-odd parameters of the CKM matrix
because it is proportional to

[Val* = 4228[(1 — p)* + 7] .

Here, the parametrization (6) of the CKM matrix is used.
Parameter 5 characterizes the degree of CP invariance
violation.

Because of the presence of a transient c-quark loop, the
full expression for the relative decay probability has a
complicated form [79]. The decay probability is expected at
a level of [80]

Br (K" — nw) ~ 1071, (25)
Only single event has so far been observed, meaning that [81]:

Br (K* — ntw)™ = (1.5733) x 1071, (26)

The K; — n°vv decay is most interesting in terms of the
specification of the CKM matrix parameters. In fact, this is

virtually a CP-odd decay via direct CP violation because the
hadronic component of its matrix element is

<”0| VisVig(3d) 4 = Vg th(as)va}KQ

~ (Vg = Via) ~ 2idi%y. (27)
The potential corrections introduced by indirect CP violation
and by the CP-invariant part of the amplitude are very small
[82, 83]. In view of the next corrections in p? for the leading
term of the amplitude momentum expansion, the relative
probability of the decay is [80]

Br(K, — n®w)=(3.1+13)x 1071, (28)
So far, Br (K, — n’vv) < 5.8 x 10~3. Despite the difficulty
of improving the accuracy of measurements by five orders of
magnitude, three laboratories are about to start measuring
this decay. The E391 experiment at KEK will be initiated in
2001. The E926 experiment (KOPIO) at Brookhaven is
designed to collect 50 events [84]. The next phase of the
KTeV experiment at Fermilab will be the quest for
K; — n®vv decays [85].

CP violation and the resulting T invariance violation has
been observed in the K; — nfn~ete™ decay [86]. Its
amplitude is determined by the diagrams in which the CP-
violating K; — nn~ decay is accompanied by the emission
of a virtual bremsstrahlung photon subsequently converted
into an ete™ pair and by the diagrams corresponding to the
CP-invariant K; — n™n~y transition with a virtual photon
emitted in the M 1-transition and also converted into an e*e™
pair. The interference of the two contributions leads to the
differential decay probability

dr
d¢

where

=T1cos’ ¢+ Iysin® ¢ + I'3singcos ¢, (29)

sin ¢ cos ¢ = [ne X ng] - z(ne - ny) ,

n. and n; are the unit vectors perpendicular to the ete™ and
ntn~ decay planes, and z is the unit vector along the sum of
the T meson momenta.

The term I's in (29) is explicitly T-noninvariant. The
presence of this term accounts for the integral asymmetry

2
f(;[/ _J:[/z

2 7
fg/ ‘*‘Jf/z

in (dI'/d¢) d¢, which was expected at a level of 4 = 14% in
SM [87]. In experiment [86],

A = (13.6 £2.5(stat) £ 1.2(syst)) %. (30)

2.4 CP invariance violation in hyperon decays

CP violation leads to the inequality of partial widths of non-
leptonic decays of a hyperon and an antihyperon. For
example, the width of the =+ — p + n® decay must differ
from that of % — p + n¥ [88], although the equality

ret —=p+n)+rE* —-n+nh)

=TI -p+n)+IE" —-n+n)

must be fulfilled for the total widths of non-leptonic decays.
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CP-odd effects in hyperon decays can be examined with
proton—antiproton machines in the reactions

pp — AA, XX, BE, ...

with the subsequent observation of the decay

Y > N+m.

The phenomenology of non-leptonic decays of hyperons
with CP invariance conservation is described at length in Ref.
[33]. The general form of their amplitude is

A(Y — Nn) = S+ Pagq.

Here, q = q, in a hyperon system at rest,
S= Z Siexpi(6° + ), P= ZP,— expi(sf + /),
i i

where 3 ” are the phase shifts in the i-channel of the reaction
induced by the strong rescattering of final particles (the same
for Y and Y) and ¢iS’P are the CP destroying phases, with
P(Y) = —¢(Y).

In a resting-hyperon system, one of the possible CP-odd
asymmetries has the form

_a+&

=—,
o —a

A

where o for the hyperon decay is given by the relation
S*P
Re —5——,
ISIP+ 1P|

and  is the corresponding quantity for the decay of the
antihyperon. It should be noted that a(Y) = —a(Y) in the CP-
invariant world. The anticipated value of 4 asymmetry in the
case of A hyperons is —(0.5—1.5) x 10~ in SM and
—2.5 x 1073 in the Weinberg model with broken CP symme-
try in the Higgs sector [89]. Currently, this asymmetry is
measured to an accuracy of 2 x 1073 [90].

2.5 CP effects in {D, D}-system decays B
The phenomenology of CP violation in £D07D0} meson
system decays is analogous to that in {K° K°} decays. In a
CPT-invariant theory, the states of D mesons with a given
mass and lifetime are

ID1) = p[D°) +¢/D°), D) =p[D°) —¢D°). (31)
In the case of CP invariance, p = ¢ = 1/+/2, and for small
violation of it

P 1+eép

q l—eép’

(32)

where ¢p is the small complex parameter characterizing the
magnitude of CP violation.

Unlike K” meson decays, the lifetimes 7(D;) and 7(D,) in
D meson decays are very similar and short (about
4 % 10713 s) which makes it difficult to observe CP effects.
Therefore, despite the value [91]

_Im VeV VacVau

N —— 33
Re VesVsuVacVau ( )

ED ~ 5753 sind ~ |8K| ~ 1073 s

expected in SM, no CP violation has yet been recorded in
decays of the system of {D?, D’} mesons.

In semi-leptonic decays, the vacuum transitions
D? — D° result in the decays of the pair D’D® not only
into the state (K ptv,)(K*p=v,) but also into the states
(K 9,)(Ktpv,) and (K™ p' v, ) (K~ p'v,). If the numbers
of such rare pairs are denoted by N** and N~~, the
expression for CP-violating charge asymmetry is given by
the following formula [92]:

Nt —N—  4Resp(l+|en])

:N+++N—‘7 ~4Reep.

Sp
(1+[ep)’ +4(Reep)’

(34)

In the case of the coherent production of D® and D°
mesons in a state with even orbital moment, the CP-odd

asymmetry  of  pairs N_ = (I"X",KTK") and
N, = (I"X~,K*K™) could be observed [93]:
N_—N 2 M
f___ D 21m<§—)7 (35)
N_+ Ny (14 xp) M

where xp = Amp /I'p, Amp = M = mp, — mp,, and M/M is
either Vg / V¢ or Vea/ VY. In SM, the quantity Amp arising
from the ‘box’ diagram is very small [94]:

ms >4fD

02GeV) f’ (36)

Amp ~ 0.5 x 10_8<

while the contribution of large distances can enlarge Amp to
no more than 107 eV [95].
Because I'y* &~ 1.5 x 1073 eV [78] and

g M B
Im —M>~O(sl4)~3><10 3

[96], the asymmetry (35) expected in SM is of the order of
107—1077. This example shows that the smallness of the
D’ — D° mixing makes the associated CP effects extremely
small. A consideration of CP effects produced by the
interference between the CP-violating phase and the phases
of final particle rescattering leads to a similar conclusion in
the framework of SM [96]. This mechanism of CP violation is
also realized in decays of charged D mesons.
If the amplitude of D™ meson decays

A =aexpid; + bexpid,,

and the corresponding CP-conjugate amplitude

A =a*expio; + b*expidy,
where 9, » are the phases of final particles rescattering, then

the CP-violating amplitude is given by the formula

AP -4 21Im (ab*) sin (3> — 61)
|A]F + A" |a]* + |b]* + 2 Re (ab*) cos (3, — 8;)

CP

For two-particle Cabibbo-forbidden decays of D¥ mesons,
such as DT — p*n%, K**K*, the value of Acp is expected to
be close to 3 x 1073 and for D} — K**n® K*"n’ decays, ata
level of (6—8) x 1073. These estimates were made in Ref. [97],
where a number of other two-particle decays were also
considered.
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The results of experiments in the quest for CP violation in
D meson decays have been summarized in Ref. [98].
Currently, the errors of Acp measurement for different
modes of D?ag and D" meson decays® range from 1 to 8%.
Mean asymmetry values are of the same order. If they do not
change with the further improvement of the measurement
accuracy, this will suggest other sources of CP violation,

beyond the KM phase in SM.

2.6 CP invariance violation in {B?, B’}-system decays

It has been mentioned above that the smallness of CP
violation in decays of the {K° K°} meson system is inciden-
tally associated with the smallness of the parameters
s; = sin 0; that appear in the K decay amplitude and with the
fact that the direct violation of CP symmetry does not play
any important role in K; — 2n transitions. For a system of
{B® B’} mesons, the parameter &g is also small (of the order
of 1074—1073). However, the CP-odd parts of the quark

amplitudes
b —cCs, b— uud

are large and appear as early as at the ‘tree’ level. Therefore,
the time-dependent CP-violating asymmetry

(37)

(f being the state with a definite CP parity) in certain
processes, e.g. in the decays
{B°,B"} - J/UKs, {B°,B"} —n'n,
may be of the order of unity.
In a ‘tree’ approximation, there is a simple proportionality
of the Ag(J/YKs) and Ag(n*n~) asymmetries to the
combinations of the CKM matrix parameters known as the

sines of the double angles o and f in the unitarity triangle
depicted in Fig. 3 (see Refs [99, 79]):

e 2n(1—p)
Ag(J/WKs) ~ sin2p = Wi (—pp (38)
Ap(mn”) ~ sin 20 = 20l + plp = D) . (39)

(72 + (1= p)*] [n* + p?]

where  and p are the parameters of matrix (6).

The above triangle reflects the property of orthogonality
of CKM matrix columns [100]. Specifically, the orthogonality
of the first and third columns gives the relation

VudVig+ VusVig + V Vi =0,

which, since

Via>= Ve ~1, Vie~ =V,
turns into
Vub + ;j = Vus Vcb 5 (40)

6 D mesons are formed in D, D? pairs. The sign of the lepton charge in the
decay of one of the mesons indicates whether it was a D or D? decay.
Then, the other meson that decayed into hadrons can be classified as a
particle or antiparticle. This is called a ‘tagged’ meson.

*
Vuh Vi

AV P
Figure 3. Representation of the unitarity triangle formed by the matrix

elements V,;, Viq, and AV}’ of the CKM matrix (6) in the complex plane.

c

representable in the complex plane of parameters p and 5 in
the form of a triangle (see Fig. 3).

Therefore, the observation of CP-odd asymmetries in B
meson decays allows, in principle, specifying the parameters
of the CKM matrix. Unfortunately, simple relations of the
‘tree’ approximation are violated if the contribution of
‘penguin’ diagrams is taken into account [101], and sin2f
and sin 2y can be determined in this case only with the aid of
more sophisticated measuring schemes. For example, the
probability of B® — 2rx, BT — ntn® decays and their
charge-conjugate counterparts needs to be evaluated to find
the ‘tree’ contribution to the asymmetry Ag(n*n~). Such an
assessment allows the identification of the amplitude of the
transition into state 2 with an isospin of 7= 2, which is
insensitive to ‘penguin’ diagrams. The calculation of these
diagrams contains theoretical uncertainties [102].

The uncertainties related to the contribution of ‘penguin’
diagrams can be eliminated by measuring the asymmetries of
B meson decays into CP-mixed states [103]. Technical details
concerning the determination of CKM matrix parameters
from B meson decays can be found in Refs [104, 105].

Turning back to the subject of the magnitude of potential
CP-odd effects, it is worthwhile to note that in decays
B’ B” - J/YKg at a mean value’ of sin2f~0.7 the
following integral asymmetry was expected [107]:

Ap(J/YKsg) ~ —0.47sin 28 ~ —0.3.

Recent measurements yielded [108]

sin2f = 0.79 £ 0.43. (41)

Although the mean sin2f turned out to be close to the
expected value, ensuing from the experimental constraints
on the parameters of the CKM matrix, the large error in (41)
indicates that a reliable confirmation of SM predictions
remains to be obtained. It should be recalled that a previous
measurement [109] gave sin 25 > 1.

For charged B mesons, the asymmetries are expected to be
at a level of a few percent or less [110] and in semi-leptonic
decays at a level of [111]

Ap,(I*vX) < (1-3) x 1072, Ap (IFvX) < O(107*).

2.7 Search for T invariance violation in processes

with a change of strangeness

A test of T-invariance implies a comparison of direct and
reverse reactions. It was first undertaken for the system of

7 In agreement with the CKM matrix parameters 0.55 < sin2f < 0.94 in
Ref. [106].
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{K° K°} mesons by the CPLEAR collaboration in 1998
[112]. Since a weak interaction does not conserve strange-
ness, a propagatmg K’ meson may transform into K’; and
vice versa, a K° meson may transform into K°.

T invariance means that all characteristics of the latter
process can be derived from the former. In particular, the
probability P that a particle produced at time ¢ = 0 as K° will
be observed as K after a time 7 should equal the probability
that a particle produced at time ¢ = 0 as K® will be observed as
KO after the same time 7 has elapsed. In other words, the
difference of the asymmetry

P(KO - KO)T — P(KO - KO)T
P(K® - K%, + P(K® — K),

from zero characterizes the magnitude of T invariance
violation.

In the CPLEAR experiment, the type of a neutral K
meson produced at time ¢ =0 was determined from its
charged partner in the reaction

while the fact of K — K and K® — K° transformations
after time  was documented based on the decay into the mode
et v permitted by the AQ = AS rule for K or into the mode
e~V permitted for K°.

Measurements in the time interval g < 7 < 20ty (Where
15 is the lifetime of K g meson) gave the following result:

— (' v),_) — P(KY, —
)+ P(K{)_) —

(ein+\7) t:‘[)
(CiTCJrV) t:‘[)

=0 (C+T57V) t=1

=(6.6%1.6) x 1073, (42)
This value agrees with the expected one in the case of CPT
invariance:

4Ree= (6.04+0.02) x 1073,

It should be recalled that T invariance violation in SM is due
to the same causes as CP violation, which accounts for their
correlation.

Another way to test T invariance consists in the examina-
tion of effects arising in the absence of T invariance-
associated constraints on the form factors of the amplitude
of the process, i.e. when the form factors, which must be either
purely real or purely imaginary in the case of T invariance,
become complex. The resultant T-odd correlations between
particle momenta or between particle spins and momenta are
proportional to siny;;, where y;; is the phase difference
between the form factors in channels i and j of the process.
Since the phase shift may be also due to a T-invariant
interaction in the final state, the full value of the correlation
considered is actually dependent on sin (y;; — d; + J;), where
0; and ¢; are the rescattering phases of final particles in
channels 7 and j of the reaction.

For strongly interacting particles, the phases §; and J; are
rather large, and their measurement accuracy does not yet
exceed a few degrees. The phases resulting from weak T
noninvariance are small; therefore, search for T-odd effects
is based on the processes in which interactions between final
particles can be neglected taking into account the expected

measurement accuracy. Such processes are [113,114]

K* - nufv, K'—yutv, K" —allIfvy.

The corresponding T-odd correlations have the form

Gu[puxpn]v Gu[puxpy]7 pn[plxpy]'
In the KL decay, the hadronic component of the matrix

element contains two form factors:

where g% = (k — p)z. The transverse polarization of a muon is
proportional to the imaginary part of the ratio of two form
factors:

PENIm <%> Gu[l’uxl’n]-

The P!-dependence of the differential probability of the
decay was calculated in Ref. [115], which also contains
references to previous publications. In SM, a transverse
polarization of a muon is absent in the ‘tree’ approximation,
and a simulation of the T violation resulting from the
electromagnetic interaction in the final state in K — n—putv
and K decays leads to P} ~ 2 x 1073 [115] and P} ~ 107°
[116], respectlvely For thlS reason, the ongoing studles of PY
in the K™ — nu*v decay have the objective to find other
mechanisms of violation of T invariance and, therefore, CP
invariance (CP violation in the multi-Higgs sector of extended
SM in particular). The effect and the accuracy of P!
measurement achieved in these studies will be evaluated in
Section 3.3 below.

In the case of the K' — pu*fvy decay, the average
transverse polarization of a muon attributable to T-odd
electromagnetic interactions between final particles and
imitating T invariance violation is expected to occur at a
level of 4 x 1074 [117].

Such T-odd characteristics of elementary particles also
include their electric dipole moments considered in the next
section.

2.8 T and CP effects in processes with flavor conservation
It has been mentioned that SM may contain another source of
CP violation, besides the Kobayashi—Maskawa phase (KM
phase), e.g. the f-term in the gluonic part of the strong-
interaction Lagrangian. This source is important only for
processes proceeding without a change in flavor. Therefore,
two cases, # =0 and 6 # 0, must be distinguished if these
processes are to be considered.

The 6 = 0 case. In processes with flavor conservation, CP
effects in the first order in G are absent because in this case
the amplitudes are proportional to the product of CKM
matrix elements V;; Vi (no summation over dummy indices)
lacking in the KM phase. In the second order in Gg,
imaginary parts of the amplitude appear; they are propor-
tional to

(Vqu,Vle ) m(VilV/f/ijij)

(again, without summation over dummy indices). For the
observed CP- and T-odd effects to be manifest, these two
parts (opposite in charge) should not cancel each other.
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As a result, there is an additional dynamic suppression of
the observed effects, besides the suppression due to the factor
G2. In particular, this can be exemplified by the electric dipole
moments (EDM) of elementary particles.

The EDM of the neutron. The EDM of a system of charges
is

D= er(r) d*r,

where p(r) is the charge distribution density; it is a polar
vector, whose interaction with the electric field is T-invariant.
In the case of an elementary particle, the sole spatial vector in
its rest system is the spin (an axial vector), and the oE
interaction results in P and T, and hence CP, violation.
Similar to the charge and magnetic moment, the EDM of
the baryon is a static limit to the effective vertex of baryon—
electromagnetic field interaction. For this reason, the EDM
of the baryon, similar to the baryon electromagnetic moment,
which can be expressed through the magnetic moments of the
constituent quarks (see, for instance, Ref. [118]), can be
considered in the framework of the static SU(6)-symmetry.
Assuming that the baryons of an octet with J” = (1/2)" are
three-quark states with L =0 and the permutation quark
symmetry in the nucleon is the SU(6) symmetry, the following
expression can be derived for the EDM of the neutron:

4 1
dnzgdd—gdu.
In a Lorentz-covariant representation, the interaction
between the quark EDM and the electromagnetic field tensor
has the form

i k k
L= dg <p +§> V50w q(p - 5) Fu (k).

Here, g is the four-dimensional spinor of the quark field. In
the nonrelativistic limit, this interaction assumes the form

(43)

Lnon-rel _ dGE,

where ois the spin vector. Hence, the EDM is characterized by
the quantity d and measured in units of electric charge
multiplied by unit length.

As has already been mentioned, the quark EDM can be
induced in the G2 order. The EDM of, say, a d-quark can be
nonzero if the imaginary parts of the diagrams in Fig. 4

d,s,b d,s, b

Figure 4. Two-loop diagrams with non-zero contributions to the quarks
EDM, which are, however, nullified in the sum of the diagrams.

Figure 5. Three-loop diagram contributing to the quark EDM.

(differing by an inner quark permutation) do not compensate
each other.

However, as shown in Refs [119, 120], such a compensa-
tion does take place, and only the difference in t(c)-quark
propagation conditions possible in the case of the exchange of
an additional virtual gluon [121] can lead to an EDM dj # 0.
But the value of dy/e ~ 1073* cm reported in [121] appears to
be underestimated. The thing is that the calculation of
diagrams exemplified by Fig. 5 gives an expression having
the following structure:

q(p)(ap +mg)ouysq(p — k) Fu(k) .

Here, |a| ~ 1, and m, is the mass of a quark in the loop
containing a gluon G“ connected with the external quark line.
Since

a(p)p = Myq(p),

where M, is the outer quark mass, it is important for the final
estimate of the EDM whether the outer quarks are considered
to be current or constituent ones. Ref. [121] considered the
current mass, in conflict with the use of the static approxima-
tion to express the neutron EDM via the EDMs of individual
quarks. Conversely, if M, is the constituent mass, the EDM of
the d-quark (hence of the neutron) increases by two orders of
magnitude, in agreement with the value of d, /e ~ 1073 cm
obtained in Ref. [120] with interquark forces in the neutron
taken into account.

Such a small EDM of the neutron predicted by SM leaves
no hope for measuring it in the near future. Suffice it to recall
that the result

dn

2l <1.6x107* em
e

obtained by Lobashov and his co-workers in 1979 [122] with a
specific sophisticated technique was reduced by the same
authors in 1992 [123] to the value

d,

e

<11x107® cm.

During the next 7 years, the upper limit was lowered only to
the value [124]

dn

e

<6x10%°cm. (44)

Therefore, there is no chance to experimentally verify the SM
prediction for d,,. Nevertheless, a further improvement of the
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Figure 6. Three-loop diagram making a nonzero contribution to the
electron EDM, which is, however, cancelled after the summation of all
three-loop diagrams.

measurement accuracy for the EDM of the neutron is of
primary importance because other sources of CP- and T-
invariance violation (considered below) do not exclude d,
values close to the known upper bound.

The EDM of the electron. The EDM of the electron in SM
might be induced by the inner quark loops in three-loop
diagrams such as shown in Fig. 6, that is, due to the EDM of
the vector W-boson. This is not the case, however [125], for
the same reason for which the EDM of the quark vanishes in
the two-loop approximation [119,120]. The exchange of a
virtual gluon can alter the situation; in this case (in accord
with the optimistic estimate [126]), the EDM of the W-boson
is expected to be

d—W ~8x 107 cm.
e

The integral over the upper loop of the diagram in Fig. 6 gives
[127]
Gpme M A?
dy = — FiMe Mw {1

————— |In—+4+0(1) |dw .
4v2m Mg, ()} v

Hence, the expected value of ., if the term in brackets equals
unity, is®

=l ~6x10 cm. (45)
e
A more conservative estimate gives [128]
d,
= <10 cm. (46)
e
An experimental constraint on d is [129]
4exp
¢ | <4x10% cm. (47)

Decays n, n' — 2n. These decays are known to violate P
and CP invariance [130]; they are possible due to the
transition of n, n’ into the transient states K% K° B° B?,
etc., which in turn pass to the system 2x. It has been calculated

8 A numerical error in the recalculation from dyw to d. in Ref. [126] is
responsible for the underestimation of d, by three orders of magnitude.

[131] that the KM-phase-induced (Kg|n)- and (2n|Kg)-
transition phases partly cancel each other, and the relative
probability of the decay is

Br(n — n'n) = 2Br(n — n'n’)

~ (6.6%$3) x 1073 sin? . (48)
The relative probability of the decay n’ — 2r proves to be
even 40 times smaller. Therefore, the relative probabilities of
the m,n’ — 2n decays are too small to be observed in
experiment.

The case of 0 # 0. In the language of effective pion—
nucleon Lagrangians, the 6-term leads to the replacement of
the real nucleon mass m by m + iuys [132], to the substitution
of the interaction iNystNm by N(iys +¢)tNm, or to the
appearance of the transition o and the contact vertex nany,
where ¢ is the isotriplet scalar meson with a mass of the order
of 1 GeV and 1 is the singlet pseudoscalar meson with a mass
of 958 MeV [134].

Calculations taking into consideration these possibilities
for the EDM of the neutron give [132, 133]

dn

| =(2-36) % 107"%10] cm .

(49)

The estimate in the Skyrme neutron model [135] yields [136,
137]

dn

= (1.2-2) x 1070 cm .
e

(50)

We conclude from the comparison of (49) and (50) with the
experimental finding (44) that

0] <3 x 10710, (51)

Calculations for the 1 — 2m decay induced by the 0-term
lead to [133, 138]

Br (n — 2m) ~ 35007 (52)
Hence,
Br(n — 2n), <3 x107"7. (53)

Although this is ten orders of magnitude higher than at 0 = 0,
such a small decay is unobservable. At present, the experi-
mental values are Br(n — 2r%) < 4.3 x 107* [78, 139],
whence |0] <2 x 1073,

3. CP and T invariance violation in the theory
with an extended Higgs field sector

The simplest extension of SM is an increase in the number of
Higgs’ doublets. In such a theory, the vacuum expectation
values of the neutral (but complex) fields Hl-0 may be phase
shifted; moreover, the Higgs field potential may contain
complex coupling constants. This results in an additional
source of CP violation, which alters the general aspect and
quantitative results of the minimal SM.

Although the introduction of additional Higgs doublets
looks at first sight like an unwarranted complication of SM,
nature itself appears to demand it. In particular, the super-
symmetric extension of SM (SUSY) requires two Higgs’
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doublets, and a solution to the problem of baryogenesis in the
Universe is possible (see Section 1) if new sources of CP
violation are available. On the contrary, the source of CP-
violation in the multi-Higgs sector of the theory is in principle
sufficient for the solution of this problem [140].

The renormalizable potential of the Higgs fields forming
the doublets

@ F
@, @,

can be chosen in a form invariant with respect to the discrete
transformation® ®; — —®; (or &, — —d,):

V(D), 0) = —pi®ld) — 120Idy + 1y (@1 D))?
+ Iy (OL®,)” + fi2 (@] @) ) (O} D,) + g12(D]D,) (D] D))
+ ki (@]®,)° + k(@) (54)

where all the constants except kj; are real because the
Hamiltonian is Hermitian.

Spontaneous symmetry violation means that the neutral
components of the doublets acquire vacuum expectation
values vy and v;:

U] H; Jri)(l 0 (53 H, +i}(2
o)=— 1—}—7)7 () =—<1+7 ;
! \/§< |vi T2 |va

|vi| and |v,| themselves and the relative phase between v, and
vy are determined from the requirement that the shifted
potential should contain no terms linear in the fields H; and
H; or (3 /|vi| — x2/|v2|). In this case, the vacuum field values
correspond to the minimal potential.

Among the constraints that arise, a necessary condition is,
in particular,

By = Im [kix(vj12)’] =0, (55)
which excludes the only term suitable for the violation of CP
invariance from the Higgs field mass matrix:

Im [k (vfv2)°] (Hl +E) (A_l - £> '

ol Teal) el "o 0
Due to condition (55), there is no CP violation in the Higgs
sector. The situation changes in two cases.

(1) CP violation is possible if the potential V(®;,®d;) is
supplemented by a part that violates discrete symmetry with
respect to the substitution ®; — —®4, e.g. if we add

V' = u0l0, + H.c.

with a complex constant u’ 2. In this case, however, a flavor-
changing interaction between neutral currents occurs, besides
CP violation. In order to avoid contradiction with the absence
of such interactions in experiment, the constant p’ % must be
sufficiently small.

(2) In a theory lacking flavor-changing neutral currents,
CP symmetry can be broken if the number of Higgs doublets
is increased to at least three [141]. In this case, the Higgs

9 This kind of discrete symmetry makes it possible to eliminate the
interaction of neutral flavor-changing quark currents in processes with
intermediate Higgs mesons [141].

potential can be obtained from V(®;,®;) by increasing the
number of indices to three. The constructions By, B,, B; with
different permutations of indices appear instead of B3, while
condition (55) is replaced by the condition [142]

3123223353, (57)
where B is no longer necessarily zero, as the two-doublet case
required.

In the 3 x 3 mass matrix for the charged states ®;" /vy,
@, /vy, @5 /v3, there are CP-odd elements:

0 iB  —iB
—iB 0 iB |.
iB —-iB 0

For the flavor to be naturally conserved in the interaction of
neutral currents, a necessary condition arises according to
which the doublet @; gives masses to “‘up’ quarks U; = u,c, t,
the doublet @, to ‘down’ quarks D; = d,s, b, and the doublet
®; does not interact with quarks at all[141]. Then, a change in
flavor is possible only due to an exchange by charged W
bosons and charged Higgs bosons. In the latter case, the
Lagrangian has the form

4
Ly = — Tl* (mgdg Vij+mSgVaj+ mpbg V3j)uLj
1

+

() _
=+ v_z(muﬁRV./l + m.Cp V,'z + mytg I/_]'3)dL_/ +H.c. s (58)
2

where V;; are the elements of the CKM matrix and the indices
L and R indicate left-handed and right-handed quarks,
respectively.

The appearance of the elements V;; in (58) is related to the
fact that the interaction between quarks and Higgs bosons
has the form

qu(]) = g{‘}-c’[Li(I)lqquj + H.c.

Here, gy are singlets in the weak isospin space and ¢, are the
doublets

@ 6, ()

while the structure of d’, s’, b’ (as CKM-mixed combinations
of quarks with charge —1/3) is fixed by the gauge interaction
with W-bosons, i.e. by the matrix (5).

For the mass matrix of the quark Lagrangian to be
diagonal, gg; must be taken in the form

qu = UR, CR, tR7 de SR, bR .

It follows from expression (58) that phases v; and v, may be
assumed to be arbitrary phases of charged Higgs mesons, and
CP violation is characterized by the single parameter B
defined by formula (57). In the literature, other parametriza-
tions of CP violation in the Higgs sector are used as well, e.g.,
in Refs [141, 143],

(0|T{® @5 }|0) .

ImA= .
’Ul’Uz

(59)
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Figure 8. Diagram contributing to the operator O}V that arises in the
Weinberg CP violation theory.

Were the Weinberg mechanism the sole source of CP
violation, the value of Im A4 could be obtained from the
comparison of the amplitude corresponding to the diagram
in Fig. 7 and the parameter ¢ observed in the K; — 2m decays.
However, the substitution of this value of Im A4 into the
diagram in Fig. 8 would give too large an &’ /¢ ratio ' [144 —
146]. Tt should therefore be concluded that the main
contribution to the parameter ¢ comes from other sources of
CP invariance violation, e.g. the KM phase or superweak
Wolfenstein interaction [62]. The Weinberg mechanism may
serve as an additional source of CP violation.

3.1 The ¢’ /¢ ratio in the theory with an additional
Weinberg CP violation mechanism

As shown in Section 2.1, the theoretical values predicted by
SM for the ¢’/¢ ratio turn out to be either significantly smaller
than experimental ones or so indeterminate that their further
specification does not exclude their disagreement with
experiment. The Weinberg mechanism could resolve this
¢’ /e ratio problem [146)].

For convenience, such a possibility may be discussed
using one more parametrization of CP violation in the Higgs
sector, which is also known from the literature. Namely, the
diagonalization of the mass part of the Lagrangian of the
fields ®," and @,  can be used to transfer the CP violation
from the non-diagonal term ®,*®," into the constants of
interaction between new physical spinless fields H,", and
quark fields. Then, the interaction Lagrangian assumes the

10 In Ref. [146], the contribution of the diagram depicted in Fig. 8 to the
parameter ¢’ proved to be one order of magnitude smaller than in Refs
[144, 145], but an additional contribution of the diagram in Fig. 9 was
found which gives too large a value of ¢’ if Im 4 is the principal source
contributing to the parameter .

form [147, 148]

1+'J)5

2
L= 23/4G;/2U[MUVZ YiH

i=1

2
1 —»
~VMp > X;H/ T’S] D, (60)
i=1

where My and Mp are the mass matrices of “upper’ and
‘lower’ quarks, V is the CKM matrix, and 23/4GF1/2X,« and
23/4GF1/2 Y; are the complex constants to which (v7)~' and
'uz)*l are converted in formula (58) after the diagonalization
of the mass matrix of Higgs fields. It should be noted that
lv1]* + |va? + |vs]* = (2v2GE)™". The doubling of the num-
ber of constants in (60) is due to the fact that diagonalization
converts each of the fields ®;" and @, into a linear
combination of new fields H;" and H,".

The consideration of CP violation can be simplified by
assuming that my, > my, and taking into account only the
effects of the exchange of the lightest charged boson
H} =H". In this case, CP-odd effects are proportional to
Im (XY*). Surprisingly, the upper bound on this new
parameter can be obtained from the data on the b — sy
decay ! [149]:

P
Im (XY*) < <M>] Fii'(x),

where C & 3 x 1074, x = m?/m}, and the function Fy(x) is
found in Ref. [148].
Together with the estimate [150]

Br(b —sy) = (3.11+£0.80+0.72) x 107*,

the limits are as follows:

Im(XY*) <2, mg=100GeV,
Im(XY*) <3, my=175GeV,
Im (XY*) <4.7, my =300 GeV,

and the ratio of the direct CP violation parameter in the
Weinberg model &), to the parameter ¢ is given by the
formula

!/
W~ Im (XY*) x 107

0.846[1 + 0.184(1—6)], my = 100 GeV,
x ¢ 0.315[1+0.364(1-6)] , my =175 GeV,
0.117[1+0.623(1—6)], my = 300 GeV .

The second term in the square brackets in these relations
contains an uncertainty in the value of s = 3.3 x 1074(1-6),
where 55 is the CKM matrix parameter. This term was absent
in the estimate for the effect under study given in Ref. [151]
and makes the final &} /¢ ratio much more stable once 57 is
close to its upper limit. Then, &} /e < (2.6—3.5) x 1073 for
100 < myg < 300 GeV.

"' This constraint arises from the assumption that the real part of the
b — sy transition amplitude is practically non-existent because the
contributions from an intermediate W-boson and intermediate Higgs’
bosons cancel each other.
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Figure 9. Diagrams producing the operator O .

G G*

3.2 CP effects in decays K* — n*n*n*
The violation of CP invariance in the Higgs sector of the
theory brings about additional CP-odd operators [146]

— gséé _ _
oW =55 [MS(1 = 75)qd(1 +95)d
mg
+ Ma5(1 4 75)gq(1 — ps)d]
_ gsélg a2 =
0\%5 1: 3 2 (Guv)zs(1+y5)d'
mK

These operators contain contributions from short- and
long-range interactions, thus making it difficult to determine
the renormalization coefficients & and (. If the ‘clothing’ of
the diagrams in Figs 9 and 10 with additional virtual gluons is
disregarded, then £ = { = 1.

In the constituent quark model, 7= 1.54, the effective
mass of the intermediate gluon G shown in Fig. 8 is
mé = 0.64m2, My = 328 MeV, M, = 480 MeV [146], and C
is the imaginary part of the effective constant C of the quark —
gluon operator

a

_ A
L(sdG) = C5(1 + y5)o 5 dGy,.
In the leading momentum approximation, the new operators
give

(t(pO) 7 () m (p3)|OWY ' + O K (k)

. ~ [ &r(Ms+ My) | 4nl(
(Sl + 852 mn)gs r 6/12771(2; 27{){5}’”1%

Here, r=2m?2/(my +mq), A*>=0.94 GeV?, my +my =~
11 MeV, s;,= (k—pi)2. In the chiral theory, A is the
parameter of momentum expansion of the amplitudes of
meson-involving processes.

The parameter C enters the expression for &, and can be
found on the assumption that the observed value of
g’ ~2x 1073 is first and foremost controlled by the
Weinberg CP-violation mechanism. Then, for the CP-odd
effects in decays K*¥ — n¥n*n¥ considered in Section 2.2

[152],
Al :2.5><10’3Z{1+@<1+2.5 §>}
r SM+W (few) 4
(61)
Ag =38x 10—22[1+@<1+2.5 é)}
& Ism+w (few) 6

where p = (&'/e)/(2 x 1073), Z=10"*(few), (few)=
104 (&' /&) [see (13)]. It follows from (61) that CP effects in

the decays of charged K mesons to three © mesons could be
doubled via the Weinberg mechanism if & ~ {.

3.3 Effect of CP violation in the Higgs sector
on K — n'utv decays
As mentioned above, the transverse polarization of muons
under the K™ — nutv decay in SM can be expected to
occur at a level of (P}) ~ 1075, its appearance being not
related to the nonconservation of T and CP parity. This
polarization is especially sensitive to the scalar interaction
of hadrons and leptons (see below), and its observation at a
higher level may provide data on CP violation in the scalar
sector of the theory.

The amplitude of the K,;3 decay can be represented in the
form [153]

AR E) = 7l p)w) = 2 sin (1. (a?)(k + p),
(%) (k= p),] Ry (1 +5)v

= Grsinfc f+(q?) Ko iy, (1 4 95)V + fs my j(1 +75)v],

where fs = (f- —f1)/2f+. Then [154],

_my Pyl
my Ey + [py[nyny —m?/ My

(P") Im fs ~ 0.2Im fs.

In the case of the Weinberg model,

2 a2

vy Mg

2 2 ¢
vy My

Im f5 ~ Im (XY™)
The analysis of possible v, /v; values in Ref. [155] leads to
(%] my 12
22122
U1 < <GCV> ’
2 27172
(%) 1 2 U3
— < — |1 — — .
v3 2Im(XY*){ " (Ul) " <v1> }
For my = 100 GeV,
(PMYy < 1.2x1072.

Recent measurements yielded [156]

(P =(42+£494£09) x 107, (62)
The accuracy achieved so far is still insufficient for a
conclusion on whether the considered mechanism of CP and
T violation actually exists.
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3.4 The neutron EDM in the Weinberg model

As mentioned above, the EDM of the neutron can be
obtained by the summation of the EDMs of individual
constituent quarks. These EDMs are (see, for instance,
Ref. [148])

V2Gre
dq = 12§ mg > |Veal Im (XY7) Fa(x,) |
g=u,c,t
\/EGFC’ *
4= e M D Vg Im (XY7) Fu(x,),
g=d,s,b
where
X 3 5 2 —3x,

Fa(x :7‘1{———x +—qlnx},
d( q) (l—xq)z 4 4 q 2( _xq) q
X 1—3x
Fu(x,) = 1 {x — 1 lnx},
( q) (1 —Xq)z q 2(1 _xq) q

and x, = m] /my. Since the EDM of the outer quark is
proportional to the squared mass of the intermediate quark,
while the masses of c- and t-quarks are significantly greater
than those of s- and b-quarks, the neutron EDM equals
(4/3)da with a good accuracy.

In the case of my =100 GeV, m.=125 GeV,
my = 175 GeV, the upper bound for d, is
dn

— | < [1.6+067(1-6)] 107" cm

<5.6x 107 ¢m
(63)

Here, the limit Im (XY*) <2 for my = 100 GeV is used
taking into account that the parameter s, of the CKM
matrix is still characterized by a high degree of uncertainty:
53 =3.3x 107#(1—-6) (see Section 5). The obtained value of
dy 1s only one order of magnitude lower than the upper limit
(44).

It should be borne in mind that (63) does not take into
account the effect of d, renormalization due to gluon
corrections, the potential admixture of ss pairs in the neutron
wave function, and the contribution of the so-called chromo-
electric dipole moment of quarks. The two latter effects
enhance d,,, whereas the former significantly reduces d,,.

A discussion of all these effects can be found in Ref. [157],
but the numerical estimates reported there need to be
corrected taking into consideration the current constraints
on my and Im A4, that is, m2|Im A| = 0.3G¢ should be
substituted by

2
2|ImA|_2\/_GF< )Im(XY) 9 x 107*Gg

H

for my = 100 GeV. With this correction, the value of d, from
Ref. [157] is close to the naive estimate (63).

Thus, CP invariance violation in propagators of charged
Higgs fields is not at variance with the upper limit on the
neutron EDM. It remains to consider the effects initiated by
CP violation in propagators of neutral Higgs fields concei-
vable in theories with three and two Higgs doublets.

3.5 The EDM of elementary particles

in the two-doublet theory

The violation of CP invariance in the two-doublet theory is
possible if an interaction between flavor-changing neutral

currents is permitted [158]. The original doublets ®; and @,
can be represented as linear combinations of eigenstates @,
and @,:

o, = cosﬁci)l - sinﬁsz,

) = (sin fD; + cos f D7) expil .

Here,
G™ H
O =|v+H +iG" |, Oy=|Hy+iA |, (64)
V2 V2

v= 2+ v)"* = (V2Gr) "% and G*, G° are the Gold-
stone states absorbed by the longitudinal components of
massive W*- and Z-bosons, and the angle f is determined
by the relation

tanﬁ:@.

(65)
’U1|

CP violation is due to the mixing of the neutral
pseudoscalar field A [see (64)] and the scalar fields Hj »; it
can be parametrized in the form [159, 160]

(HiA) == sm2ﬂz ImZ}Zz ,

(HyA) =

cos 2B Im Zy, — Im Zy,
-3 , (66)

2 2
q _mn

where n numbers the eigenstates of the neutral Higgs fields
H,, Hy, A, while Z,, Zy, are new dimensionless parameters.

The index nin (66) can be omitted if the sums are supposed
to be saturated with the lightest Higgs boson with mass my.
The dominant contribution to the charged fermion EDM
comes from diagrams similar to those in Fig. 10, in which the
upper loop contains heavy particles t, b, c, W, HT, 1 [160 -
162]. All the diagrams, regardless of their type, contribute to
the neutron EDM, but only the first and the third contribute
to the electron EDM.

The contribution of the diagram in Fig. 10a with the t-
quark in the upper loop to the EDM of the d-quark proves to
be [160]

(@)I-IOOP =14x 10_26{111120 [f(2) +g(2)]

e

~ImZy [f() - g(2)]} em. (67)

Here, z = m?/m{; and the functions f and g result from the
two-loop integration in diagrams of Fig. 10 [160]. At z = 1,
they differ from unity by approximately 20%, with
g() > 1> £(2).

Diagram 10b could make an even greater contribution to
the EDM of the d-quark if the estimate (dy/e) ~ d° [163],
where d € is the chromoelectric dipole moment, were true. Its
validity is called in question by attempts to close the gluon line
and connect the photon line with the charged particles of the
diagram in Fig. 10b. Then, the relation

d‘l ~ &s dc

e (4m)* !
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Figure 10. Diagrams contributing to the quark EDM in the theory with two Higgs doublets.

looks more natural [164]. According to Ref. [160], the electron
EDM is

(ﬁ) ERNPONY 10*27{Im Zo [f(2) +2(2)]

—ImZ [f(z) - g(z)]} cm.

There is, however, no direct relation between the EDMs of
electron and neutron because the loops with b, t, W, HT
make dissimilar contributions to these quantities, which
depend differently on the parameters Z, and Z [160].

A direct relationship between the EDMs of electron and
neutron appears in a specific model [165] in which all
fermions, except the t-quark, receive a mass from the vacuum
average v; of the doublet @, while the t-quark receives its
mass from the vacuum average v, of the doublet ®,. The
difference of m from the masses of the remaining fermions is
large, since |v,/vy| ~ my/my. The largest contribution to d
comes from the loops with b and t fermions:

<de>b, t-loops B mea\/z GF .
(4m)°

e
o 4
3

where b = mZ/mj, t = m2/m}, and the largest contribution
to d, is made by the b-quark loop [166]:

(68)

an’ f

[/ (b) + g(b)] +4[£(1) + g<r>]}<lm Zo+1mZ0).
(69)

-1
dn ~ ddb oop

=6 x 1077[ f(b) + g(b)] tan® B (Im Zy + Im Zy) . (70)
At tan f§ > 1, the relation [166]

~2x 1073,

€
n

holds, which is independent of the parameters Im Z, and
Im Z_().

It is worthwhile to note that these parameters of the two-
doublet theory are virtually unrelated to the parameters of CP
invariance violation in {K° K’} — 2 decays.

Taken together, the above formulas and results of other
studies cited in Ref. [163] lead to the conclusion that the
EDMs of the electron and neutron might be close to the
known bounding values of these quantities.

In the Weinberg model with three Higgs doublets, the
mixing of neutral Higgs mesons is characterized by the same

parameter as the mixing of charged fields ®," and @, is[142].
Once the latter gives &y /¢ ~ 2 x 1073, this parameter leads to
dy and d, values close to or exceeding the known bounds for
these quantities. The situation can be resolved on the
assumption that neutral Higgs mesons are much heavier
than their charged partners.

Certain studies have been devoted to the contribution to
the EDM of baryons from the effective three-gluon operator
of dimension 6, such as [167]

e van .
7(/f(/th£uGbpv Gcm]e fran )

this operator destroys P and CP invariance and arises in a

theory with several Higgs doublets. The contribution of

purely gluon operators of dimension 8, like [168]
ggévau;th:ﬁG bofp

was also considered. The results of the evaluation of the

effects of these operators do not contradict the possibility of a
neutron EDM approaching the experimental limit [160, 169].

3.6 Decays n, M’ — 2n in the Weinberg model

In the case of a decay with flavor conservation, the part of the
matrix element of the 1 — 2 transition corresponding to the
diagram in Fig. 8 but having identical terminal quarks is equal
to zero. What remains is the contribution of diagrams with
identical outer quarks shown in Fig. 9. An estimate taking
into account only an intermediate c-quark is [146]

Br(n —n'n") =2Br(n — n’n’) <1.2x 1077
[cf. (53)], which is still unobservable.

4. CP-odd effects in the supersymmetric theory

The emergence of many new, so far hypothetical, particles in
the supersymmetric generalization of the Standard Model
(SUSY) opens up the possibility for the appearance of new CP
violation parameters. Specifically, the Majorana masses of
superpartners of ordinary gauge fields, scalar-quark masses,
and the constant of the three-particle scalar interaction can be
complex quantities. These sources modify the SM predictions
due to two different effects: (1) the appearance of new
diagrams with superpartners of ordinary particles in transi-
ent states (in this case the CP violation is proportional to the
KM phase, but the magnitude of the effects alters) and (2) the
appearance of new phases unrelated to the KM phase.
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By way of illustration, we present here the calculated
corrections for the parameters ek, ¢ and the EDM of the
neutron obtained in the minimal supersymmetric SO(10)-
model [170]. The ‘box’ diagram with intermediate gluinos
gives for an indirect CP violation

M3
2

; . 300 GeV 2
ol = 2 107 sin 6 = ) (25,25

' Vts th

%1180 MeV
4% 104

mg + my

where M3 is the b-squark mass and ¢4 and ¢, are the new
phases appearing in the SO(10)-model. The ¢’/e ratio for
decays {K° K"} — 2r admits the correction

g 2
i g 310 <300 GeV) Ap + ptanp
€K

M, M,

% sin ((tbd - ﬁ) + sin (d’s B ﬁ)
2

The neutron EDM is

my(M3) | Via
2.7 GeV |0.01

X Ay + ptan p sin (¢pg — 2P) .
M3

In the last two formulas, A, and u are interaction parameters
of three scalar fields and f is a function of the KM phase.

According to these formulas, the mechanisms of CP
violation in SUSY yield an &y /ex ratio at least one order of
magnitude smaller than observed in experiment. This conclu-
sion was also made in other studies of supersymmetry
published before [60]. Ref. [60] was followed by a series of
papers [171] in which the authors reported examples of
theories with ¢//& ~ 3 x 1073,

The neutron and electron EDMs in SUSY can be very
close [172] to experimental values. Moreover, in the minimal
supersymmetric Standard Model (MSSM), theoretical pre-
dictions for these quantities tend to overrun their experi-
mental values [173].

For the transverse muon polarization in the K* — nu*v
decay, the anticipated effect of supersymmetric CP violation
is very small [174, 175]. For the parameter Im fg defined in
Section 3.3, Ref. [174] gives

2 2
dy >~ 4 x 10726 (300 GeV>

M3

Mymg o . ¢
—— SIn
m 2 12TE SUSY »

Im fs =~

where g is a gluino and ¢gygy is the CP-violating phase of the
gluino mass. However, it follows from the constraints on the
neutron EDM that sin ¢sysy < 10-7m?/GeV? [175].

In the decays of the {B°, B’} meson system, the para-
meters eg and gj are also subject to alteration. They may be
quite different from those expected in SM. This is true of CP-
odd asymmetries as well. For example, in accord with SM, the
asymmetry in {BS, ]_32} meson decays is deemed to be less than
2%. In these decays, the New Physics generates the asym-
metry [176]

A(Bg — J /i) ~ sin (2 NewPhysy

The occurrence of an asymmetry exceeding the SM predic-
tions would be evidence for the existence of the New Physics.

New sources of CP violation appearing in SUSY allow, in
principle, explaining the observed baryonic asymmetry of the
Universe (see review [43]).

5. Other models of CP and T violation

Among the models in which other sources of CP invariance
violation are possible, models with (broken) left—right
symmetry have been given especially much attention [177].
These models contain left-handed and right-handed W=-
bosons, the mass of the latter being much greater than that
of the former. CP violation is due to the complex masses of the
nondiagonal transitions W, < Wx and v, < Ng, where Ng
is the right-handed helical component of the hypothetical
heavy neutrino. In these models, the T-odd EDMs d,, and d,
generated by CP violation can reach the known experimental
limits. In some of them, the d,, and d. values are related to the
parameter ¢’ characterizing direct CP violation in Kg —2n
decays [178].

In the {B°, B} sector, the theory based on the gauge
group SU(2), x SU(2), x U(1) predicts a significant differ-
ence in the time-dependent CP asymmetry between the decays
B — J/YyKs and B — ¢$Kj (in SM, this asymmetry must be
the same for both decays [179]). The angle y of the unitarity
triangle of the CKM matrix in electroweak processes
described by ‘penguin’ diagrams also differs from the angle
predicted by SM [180].

The ‘mirror fermions’ model [181], correlates the family of
hypothetical heavy right-handed helical doublets and left-
handed helical singlets to the known family of fermionic left-
handed helical doublets. The source of CP violation is the
complexity of the coupling constants of H°-, W-, and Z-
bosons with left-handed and right-handed fermions. The
EDM of the neutron and electron can reach the respective
experimental limits.

In models with horizontal gauge interactions [182], heavy
neutral horizontal vector bosons can interact with fermions
with a change in flavor, and the corresponding coupling
constants may be complex. The strength of this source can
be evaluated from the restriction on pe-conversion [183], and
the corresponding threshold for the electron EDM proves to
be de/e <2 x 107 cm.

6. What is known about CPT invariance

Abandoning any constraints on the Lagrangian density in the
commonly accepted relativistic quantum field theory makes a
proof of the CPT theorem impossible [2].

The violation of CP invariance occurs in a theory based on
the infinite-component-field (ICF) concept [184]. The devel-
opment of this concept was stimulated by an idea of dynamic
symmetry that consists in reducing a composite system with
an infinite mass (or energy) spectrum to a single ICF as a more
‘elementary’ object (see references in [184]). However, as
shown in Ref. [185], the ICF theory implies an infinite spin
degeneracy of mass, in contrast to what is observed in the
realm of elementary particles.

Another source of CP noninvariance might be the
existence of self-conjugate multiplets of field operators with
a half-integer isotopic spin of the type

() ()
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where V denotes spin-1 fields,and V* # V ~*. The interaction
between such hypothetical fields and charged hadronic
currents, one of which changes flavor, leads, on mixing of
V-and V *-bosons, to T-invariance-conserving but CP-odd
(hence, CPT-odd) hadronic amplitudes [186]. Thus far,
however, there is no evidence of such multiplets.

The neglect of local interactions also precludes a proof of
the CPT theorem. Therefore, CPT-invariance violation could
take place in a theory describing the interaction between
strings, i.e. nonlocal objects [44, 45]. One more source of CPT
symmetry breaking could be the violation of the Lorentz
invariance [187]. It can not be excluded that quantum
fluctuations and the appearance of virtual black holes [46,
47] responsible for at least partial irreversibility of the
processes may cause the loss of quantum coherence and, as a
result, CPT-invariance violation.

Thus, the theory does not exclude the possibility of CPT
violation, but there is so far no realistic model with which to
compute, proceeding from first principles, CPT effects in
interactions between elementary particles. What remains is to
assess the phenomenological consequences of CPT invar-
iance, such as the equality of masses and lifetimes between a
particle and its antiparticle, and other things [188].

Reference [78] reports the following most precise data:
M<8X10—97 M:(Z:I:fﬁ)xlO’s,
M T

my, — m;
M<5X10*77
my, myg

o =mol - jg-1s

The last result is believed to be the best test of CPT invariance.
However, it must be an order of magnitude smaller if we
assume the possibility of direct CPT violation in the K; — 271
decay amplitude [189]. Moreover, this result does not at all
mean that the parameters characterizing the magnitude of
CPT violation are much smaller than the CP violation
parameters.

It follows from a detailed analysis that CPT invariance in
the decays of the {K°, K’} meson system has been verified to
an accuracy of only 30% of the observed CP violation. This
can be accounted for by the fact that the difference
Amgg = mygo — mgo is initially smaller than 3 x 10~ 3my,
being a part of the nondiagonal element (K°/K°) of the
mass matrix in the system of {K° K°} mesons, ie. a
G2 mg st-order effect. Hence, it is more natural to compare
this difference with a CPT and CP-even effect, i.e. with the
difference mg, — my, which is also proportional to G2 mg s?.
This was done when the parameters of CP violation #,_ and
1o Were determined. With such an approach, constraints on
the parameters of CPT violation are rather weak. Let us
consider this situation at greater length.

Since CP invariance is known to be broken in neutral K
meson decays, CPT invariance can be tested by simply
considering the phenomenology in which CP violation is not
compensated by T-invariance violation, i.e. by adding the T-
invariance-conserving parts to the definition of the Kg ,
meson wave functions. Then, these functions assume the
form [25, 26, 28]

K :+ A)K
K — 1+(E‘+ ) 2

—_—, (71)
(1+|.s+4||2)1/2
K, + (¢ — A)K,

= P 1/27 (72)
(1+1e—4F)

where the parameter ¢ describes, as before, the CP-violating
but CPT-conserving part in the K ; meson wave functions,
while the parameter 4 describes the CPT-violating part.

Moreover, if CP and CPT invariances are violated in
direct transitions of the {K°, K’} meson system into the final
states, several new parameters appear [24 —26, 28]:

AKY — 2m; T =0)

a= 0 , CPT = —1, (73)
AK] - 2n; T=0)
1—y  AK® —1tvr) .
o . CPT =1, if 0.
I+y  A*(K®— 1 vnt) n#
(74)

For semi-leptonic decays of neutral K mesons, additional
parameters characterizing the magnitude of the violation of
the AQ = AS rule are introduced:

AK® = 1Tvn)

o= A*(K® = 1"vnt)
AK® —1Tvr-)’ A

Y= TR o)

(75)

The inequality x; # X; implies CPT invariance violation.
As a result, the parameters of CP violation observed in
Ks, 1 — 2n decays assume the form [25, 26, 28]

r]+_%sz+8’+a7
Moo Ze—A4-2¢ +a

[cf. (9) and (10)], while the parameter of charge asymmetry in
semi-leptonic K; meson decays is given by the formula

or 22Re(e—4)—2Rey;— Re(x; — X)) . (78)
Im y; appears only in the common normalization coefficients
for the time-dependent amplitudes of semi-leptonic decays of
K and K° mesons (see [28, Table 1]).

Itis clear from relations (76)—(78) that data on K decays
alone are insufficient to conclude whether a violation of CP
invariance is inevitably accompanied by a CPT-violation.
Additional data on K¢ decays are necessary, the formulas for
which contain a different combination of CPT-even and CPT-
odd parameters. In particular, the following parameter must
be known:

I'Kg — 1Tvr) — I'(Kg — 17vm)

d¢ =
ST TI(Ks — 'vn) + I'(Ks — 1 vn)

=~2Re(e+4)—2Rey;+Re(x;— X)) (79)
In the current theory with the known quark content, the
AQ = AS rule is violated in the second order in the weak
constant Gg, so that the upper bound for Re (x; — X;) does not
exceed Gpmg ~ 2 x 107%. Neglecting this small effect leads
to
1

Re 4 :Z((Ss—éL). (80)

Estimates for Re 4 and Im 4 taking into account the fact
that Re y; may differ from zero !> were first inferred in Ref.

12 If the possibility of direct CPT violation in semi-leptonic kaon decays is
disregarded, as in Ref. [26], i.e, it is assumed that y; = 0, the resultant
constraint on the parameter 4 is two orders of magnitude better than that
in Ref. [26].
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[190] from previously obtained data on K% and KY; decays:

Re4 =0.018+£0.020, Im4=0.021+£0.037. (81)

Recent measurements [191] yielded

Red=(24+28)x10™*, Imd=(-15+23)x1072.

(82)

The limit on Re 4 was lowered by two orders of magnitude,
but the accuracy of measurement of Im A4 remained the same
as in Ref. [190].

It was shown in Refs [25, 26, 30] that the limiting value of
Im A can be significantly diminished using the Bell — Steinber-
ger unitarity relation [22]. Then, in agreement with the
measured values of the parameters [192] that appear in this
relation,

ImA=(24+50)x107°. (83)
For other CPT-violating parameters [192],

Rey, = (0.34+3.1) x 1073,

Imx; = (—2.0+£2.7) x 1072, (84)

Rex = (—0.543.0) x 1073.

Let us now turn to determining the mass difference
mygo — mgo given by the relation [26, 28]

mygo — mgo = 2(mp — ms)(Red —Im 4 -tan™' @), (85)
Then, it follows from (82) and (83) that
o = ol 45 10717 (86)
nigo

The result in (86) is an order of magnitude higher than
reported in Ref. [78, p. 67], where the formula

mgo — Mgo 2(mp — mg) | g(p
ngo 1 3

1
+-t3 (DOO - gpsw)

nygo 3

1
+a+ Im (F_S Zf: ocf> tan~! <1>SW} (87)
was used, and the last two terms in the square brackets of this
expression were neglected.

However, the sole estimate that was available in the
literature [28],

a=(-0.75+6)x 1073, (88)
significantly exceeded the part proportional to the phase
combination and gave no reason to exclude ¢ from considera-
tion. On the contrary, a comparison of the two expressions for
the mass difference can be used to derive a new restriction on
direct CPT violation, namely

la) <8 x 107*. (89)
It follows from (82), (84), and (89) that the upper limit on the
CPT violation parameter in {K° K°}-system decays is only

three times lower than the known CP-violation parameter
In| =22.3 x 1073,

The loss of quantum coherence mentioned at the begin-
ning of this section, which leads to dissipation, irreversibility,
and, therefore, the violation of CPT invariance, can be taken
into account by adding the AHp term, forbidden in conven-
tional quantum mechanics, to the equation of neutral-kaon
evolution [193]:

op(t)

L — iHp(t)+ip(t) HT + AHp(1),

o (90)

where p(t) is the density matrix of the {K, K’} meson system,
which can be represented in the form of an expansion in Pauli
matrices and the unit matrix oy [31]: p = p,0,. Then, the
addition AH can be parametrized by a 4 x 4 matrix [193]

00 0 O
0 a b c

AH==2| g 1 o p (91)
0 ¢ p vy

with six real parameters.
Reference [194] gives the following values for five of them:

a=(25+2.6)x 1077 GeV,
c=(0.7+1.2) x 1077 GeV,
(1.8 +4.4) x 1077 GeV,
(=0.7+1.3) x 1077 GeV,

o=
p=
7= (0.1422.0) x 1072 GeV.

Since the loss of quantum coherence could result from a
disturbance of space—time properties at distances of the
order of the inverse Planck mass (where gravity becomes
strong), it is not unlikely that the parameters in (92) are of the
order of mZ /mp; ~ 1071 GeV. It follows from the closeness
of this estimate to that reported in Ref. [194] that a further
search for CPT effects in neutral-K-meson decays is in order.

In the charged K meson sector, the precision of CPT-
invariance  testing is still low  (mf —mg)/mx =
(—0.6+1.8) x 107*. The measurement accuracy for the
ratio of the difference between the K™ — ptv and
K™ — p~v widths to the width for either of these decays is
(=0.540.4)%; for KT — ntn® and K~ — n~nO, this ratio is
(0.8 £1.2)%. With the DAPhNE facility at Frascati, for
which the numbers of K™ and K~ mesons are equal, the
accuracy of such measurements can be improved by two
orders of magnitude, whereas the accuracy in comparisons of
the remaining partial widths for K™ and K~ mesons can be
made as high as 1074 [30].

Antihydrogen experiments discussed in the literature, in
which the comparison of the frequencies of the (1s—2s) 2y
transition and the corresponding transition in hydrogen is
possible to an accuracy of 1071°—107'8 [195], appear
especially promising. On the assumption that a particle and
an antiparticle have charges equal in absolute magnitude,
such a measurement could reduce the constraint on the
combination

Me — Mgt Mg My — M
M my My

to 1075 —10~'3. This would mean a decrease of the existing
limits on (me —me+)/me. by seven to ten and on
(mp —mp)/my, by five to eight orders of magnitude. At
present, the constraint on this combination results from the
restriction on the difference between the electron and positron
masses and equals 8 x 1077,
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One more high-precision test of CPT invariance is
possible in the case of an interaction converting a neutron to
an antineutron. At my, — my = Amyg < 1/t (where ¢ is the
neutron-beam free-flight time in vacuum), the observation
of n—n transitions could give an upper bound
Amy; < (10722=1072)m, [196]. Thus far, no transitions at a
level of 7,5 > 0.86 x 10% s have been recorded [197]. A more
detailed discussion of the problem of n — n transitions with
references to planned experiments can be found in Ref. [198].

7. Problems and prospects of further CP
violation studies using accelerators

The objective of further experimental studies of CP invar-
iance violation is to improve the accuracy of measuring the
known effects and to search for new CP-odd effects allowing
either the verification of SM predictions or the reveal of
deviations from them. The latter case would imply the
presence of additional sources of CP violation. This section
considers the prospects of such ongoing and future studies
with the use of accelerators.

7.1 The ¢’ /¢ ratio

An experiment currently underway with the KLOE detector
of the DAPhNE ¢ facility (Frascati) is designed to measure
the ¢'/¢ ratio in the process

ete” — ¢(1020) — K°K°

to an accuracy of §(¢’/e) ~ 107* [199]. This experiment is
important so far as it uses a measuring technique completely
different from that employed in previous studies.

72 K* —3n
In the K-THEP experiment that is in preparation at the
Institute of High Energy Physics, Serpukhov, the difference
Ag between the slope parameters [see (18)] in K™ and K~
decays will be measured to an accuracy of 10~* [200].
Simultaneously, the experiment will measure the widths of
K* — ntn’ and K~ — n~nly decays with an accuracy of
AT/2I < 4 x 1074,

A CERN project is expected to measure Ag at a level of
10~* (see [201, Table 10]). A similar accuracy of Ag
measurements is achievable with the KLOE detector [202].

73K, s — nlete”
K; — mlete~ decays will be studied on the KAMI facility at
Fermilab. A part of the amplitude corresponding to indirect
CP violation can be singled out by an independent measure-
ment of Br (Kg — ne*e™) possible using the KLOE detector
on DAPhNE [203].

74 K" — ntvw

The E787 experiment at Brookhaven in which a unique event
of Kt — ntvv decay was recorded will be followed by the
E949 experiment [204] designed to seek more such decays.
The CKM experiment at Fermilab to be launched in 2005 is
expected to detect as many as about 100 events in two years
[205].

75K} — n'vv

The prospects of studying K(z — vV decays were discussed
in Section 2.3. Suffice it to mention here that in the E391 KEK
experiment (Tsukuba) only a limit of Br (K} — n'ww) <

10719 will be achieved. It is hoped that in further studies of
this decay with the Japan Hadron Facility (JHF) to be
commissioned at KEK, the number of such events should
reach 103 [206].

7.6 T noninvariance in K decays
The measurements of the T-odd transverse polarization of
muons in KT — n®u*v decays underway at KEK will be
continued on the future JHF accelerator. It is supposed that
the accuracy of P! measurements (see Section 2.7) will be no
worse than 5.5 x 1073 [207, 208].

Also, it is expected that measuring P! will be possible at
an accuracy as high as 1.4 x 10~ in the AGS923 experiment
at Brookhaven [208] and a level of 5x 10~* should be
achieved with the DAPhNE ¢ facility [209].

7.7 CP violation in hyperons

A project has been developed at Fermilab to measure the CP-
odd asymmetry between the A — Nrand A — Nr decays to
an accuracy A, (see Section 2.4) as high as 10> [210].

7.8 CP violation in D mesons

The information about charmed particles has so far come
from four sources: (1) ete™ atenergy E.m,. = my (CLEOILV,
Cornel), (2) Z° decays (ALEPH, LEP, CERN), (3) hadron
photoproduction (FOCUS/E831, Fermilab), and (4) hadron
production (E791, Fermilab) [98]. In these experiments,
events were reconstructed at a level of 10, Statistical errors
in the measurement of CP-odd asymmetries amounted to 10—
20%. Systematic errors were an order of magnitude smaller.
This means that the accuracy of Acp(D) measurements can be
improved by one order of magnitude with a larger volume of
statistics. In the ongoing experiments using B facilities, the
anticipated potential of the reconstructed D-meson decays is
107;itis 108 —10° on the BTeV (Fermilab) and LHCb (CERN)
facilities (see below).

7.9 CP violation in B mesons
A study of CP violation in B-meson decays would be
especially interesting because CP effects in certain decay
channels may be conspicuous. Moreover, such a study
would not only document the fact of CP-invariance violation
but also give more precise parameters of the CKM matrix.

B-meson experiments are carried out and planned with the
use of both hadron accelerators and electron—positron
colliding beams. In the latter case, the best option for a
study of CP-odd effects is provided by machines with
asymmetric energy of electrons and positrons, in which the
excited intermediate resonance Y(4S) of the reaction
ete” — Y(4S) — BB’ moves in the laboratory frame of
reference. For substantially different relative probabilities of
B —f; and B — £, decays, the distance between their
vertices in the laboratory system increases approximately
V' /v-fold compared with that for a resting Y (4S) meson (V is
the velocity of the Y(4S) meson, v is the velocity of the B’
meson in the resting-Y(4S) system). The same distance in the
Y (4S) system (about 30 — 50 pm) is too small to enable the B’
decay to be distinguished from the B’ decay with current
techniques; this precludes measurements of CP asymmetry.

Such machines are PEP-II [Stanford; e (9 GeV)+
et (3.1 GeV)] with the BaBar facility and KEK-B [Tsukuba;
e~ (8 GeV) 4 ¢7(3.5 GeV)] with the BELLE facility.

The BaBar setup will be used to continue studies of
{BY, B} — J/UKs decays, which should be instrumental in
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deriving the value of sin 2 from the CP-odd asymmetry to an
accuracy of 0.12—0.14 at an integrated luminosity of 30 fb~".
In other decay modes, the accuracy of sin 28 measurements
will be 0.30—-0.60 [211, 212]. Moreover, the BaBar collabora-
tion is considering possibilities of measuring sin2o in the
modes of B — ntn~, ntn—n’ [213].

The BELLE facility is also being used to study B-meson
decays into the J/YKg state. The accuracy of the sin2f
measurement based on the analysis of 6 x 10° B pairs is
currently +0.44.

Ample opportunities to study CP violation in B mesons
are provided by the improved hadron colliders and the
planned HERA-B (DESY) proton accelerator. The latter
machine will enable researchers to study CP-odd correlations
in B'-meson decays, which cannot be done using the BaBar
and BELLE installations.

Comparisons of data for different channels of Bg decay
dominated by the decay into J/yKg, based on 1500
reconstructed events, will allow sin 28 measurements with an
accuracy of £0.13.

In the near future, the improved CDF and DO detectors
will be commissioned at Fermilab, which will produce 10'! B
pairs per year each during the first years. The CDF detector
will be used to study 20,000 B! — D_n*, D_n*n'n~ events
with the Dy — ¢n—, K*K~ decay; also, it is planned to
measure sin2f to an accuracy of +0.15 and the CP-odd
asymmetry in B} — m*n~ decays to an accuracy of
0Acp =~ 0.09. This asymmetry is linked to sin 2a, where o is
another angle of the unitarity triangle [see (39)]. However, the
derivation of « requires that corrections from ‘penguin’
diagrams be taken into account.

In the remote future, after 2005, the ATLAS, CMA, and
LHCD facilities (CERN) will start accumulating data on B
mesons (and concurrently, D-mesons). At approximately the
same time, the BTeV machine should be commissioned at
Fermilab. It is expected that the results of experiments using
these installations and the data obtained with BaBar,
BELLE, HERA-B, CDF, and DO will collectively ensure
sin 28 measurements to an accuracy of +0.04 [214], studies on
CDF and DO will give sin 28 with an accuracy of +0.015, and
those on LHCb and BTeV with an accuracy of +0.025 [215].

Furthermore, measurements of B oscillations in CDF
and DO experiments taken together with the results of studies
on the HERA-B accelerator will be used to more accurately
determine the length of the unitarity triangle’s side opposite
to the angle f3, based on the relation [78]

I

Val® ‘Amd
Ve | Ams

where Amy is the mass difference between different eigen-
states of the {BO,B§} system and Amy is the analogous
parameter for the {BY, B!} system.

With the LHCb machine, sin2y will be measured by
examining six time-integrated asymmetries in the
B} — DK*, D’K*’, DY ,K** channels and their charge-
conjugate counterparts with D® mesons decaying into K~n*
and D?ﬁz mesons decaying into KK~ and n*n~. These
measurements are expected to ensure a 10° accuracy in
determining the angle y [216]. Also, LHCb experiments will
give an opportunity to validate the relation 28+ vy =
n+ B —a to an accuracy of 9° by studying Bg — D*tn
decays.

The BTeV machine will be used to determine y with an
accuracy of 13° from the data on B* — D/D°K® decays,
with D? and D° decaying into the same final states.

Such are the prospects for further research of CP violation
with the use of accelerators.

8. Conclusions

The sum of available knowledge about interactions between
elementary particles is adequately described by SM, and the
mechanism of CP violation postulated by this model looks
fairly natural. Recent findings [108] of the marked asymmetry
in {B°, B’} — J/yKy decays [see (41)] predicted by SM can
be considered evidence for the Kobayashi—Maskawa
mechanism unless they are refuted upon the improvement of
the measurement accuracy.

The direct violation of CP invariance in K; — 2n decays
predicted by SM is out of question after a series of recent
experiments [60, 61]. What remains is to establish whether the
observed value of the parameter ¢’ agrees with that expected
in SM. Thus far, theoretical calculations give either signifi-
cantly smaller than the experimental or highly uncertain &’
values. If further studies fail to correlate the observed and
predicted values of ¢’, additional sources of CP violation will
have to be assumed.

Unique evidence that the KM phase is not the sole source
of CP violation realizable in nature would be provided by the
finding of a neutron or electron EDM differing but slightly
from the known experimental limits. Thus far, the d, and d,
values predicted by SM are 7 and 11— 13 orders of magnitude
smaller than the corresponding upper limits, respectively. The
majority of additional sources of CP violation considered in
this review admit the possibility of d, and d. values close to
their known limits.

Since the problem concerning the sources of CP invar-
iance violation is of paramount importance for both the
theory of elementary particles and cosmology, priority must
be given to a search for ¢, and d.. It is expected that the
accuracy of d. measurements using paramagnetic molecules
of YbF will be increased 10-fold within the next 3 years [217].
In the future, this method will allow the error of d.
measurements to be further decreased by two orders of
magnitude [217]. The accuracy of d, measurements is
expected to increase threefold within a few years and
100 times more within the next decade when new neutron-
storing facilities operating at liquid helium temperatures
become available [217].

In experiments with neutral K mesons, priority is being
given to a search for the CP-odd K; — n%vv decay, the
measurement of its probability providing a unique opportu-
nity to specify the CKM matrix parameters.

In the sector of charged kaons, priority is accorded
to measuring the transverse muon polarization in the
K™ — p*nv decay and also to the search for T-odd
correlations in K* — ptvy and K™ — n°17vy decays, where
only CP (hence, T) violation sources supplementary to the
KM phase are likely to produce measurable effects.

Were the already observed average values retained upon
an increase in the measurement accuracy in the studies of CP-
odd asymmetries in {DO, DO}-system decays, this would give
evidence for CP violation sources other than those predicted
by SM.

An immediate task in B meson experiments is a 3 —6-fold
improvement of the measurement accuracy for the CP-odd
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asymmetry in {B°, B’} — J/y/Ky decays. This would conclu-
sively establish the validity of SM predictions concerning
these decays and yield more precise values of sin2f for the
unitarity triangle. The solution of this problem is supposed to
be a matter for the near future [218]. Because SUSY does not
exclude a marked CP violation in {B?, B} — J/Ui¢ decays
(see Section 4), studies of this asymmetry are of crucial
importance.

Priority studies of the most characteristic manifestations
of CP violation also include a search for potential violations
of CPT invariance. Since such a possibility is associated with
changes in the space—time properties on scales mp ~ 10°
GeV, CPT effects are expected to occur at a level of (E/mp))",
which implies that the ratio of the difference between the
masses of a particle and its antiparticle to the particle mass at
n=1ism/mp ~ 1071, Although CPT effects are extremely
weak, their observation is deemed feasible in neutral kaon
studies with an improved measurement accuracy [48, 192,
194] and in other high-precision experiments [195, 196].

I am grateful to L B Okun’ for his careful reading of the
manuscript and many valuable comments and criticism.
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