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INTRODUCTION

The discovery in 1974 of the first heavy quark (the
charmed ¢ quark), which finally conferred the status of citi-
zenship on the quark model, was a momentous landmark in
the history of particle physics. It stimulated further impor-
tant progress in both theory and experiment. An important
step in this direction was the discovery in 1977 of the b quark
(and the third lepton 7). It led, in particular, to the replace-
ment of the well-known four-quark scheme of Glashow, Ilio-
poulos, and Maiani' by the six-quark model of Kobayashi
and Maskawa,” which had already been proposed in 1973 in
order to include CP violation in the weak interactions of
quarks in a natural way."

As is well known, the weak interaction is generated by
the exchange of the vector W = and Z° bosons, whose source
is the charged and neutral currents. The currently known
quarks and leptons can be grouped in a natural way into
three generations:

Ve Vi Ve
e u T
u < t
d S b

Whereas in the case of emission of neutral Z° bosons there is
no change in the species (flavor) of these fermions, the inter-
action involving charged bosons necessarily leads to a
change in the fermion flavor. In the lepton sector, the
charged current couples only particles belonging to the same
generation—each of the leptons is converted into its corre-
sponding neutrino when a W boson is emitted. The charged
quark current contains not only terms describing transitions
within a single generation, but also nondiagonal terms corre-
sponding to transitions s — u, ¢ — d, etc., and is thus char-
acterized by nine coefficients V; (i =u, c,tandj=d, s, b).
The coefficients V; form a unitary 3 X 3 matrix, which deter-
mines the mixing of the quarks in the weak charged current.
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In recent years a qualitative change has occurred in the
experimental investigation of the parameters of quark mix-
ing. Besides further refinement of the “old” mixing angles
referring to the first two generations, vital information has
been obtained on the decays of particles containing b quarks
(see, for example, Refs. 6 and 7). Despite its large mass
(m, =4.8 GeV), the b quark was found to be surprisingly
long-lived: 7, ~ 10~ '* sec. The decays of the b quark are
dominated by the transition b — ¢ + W~ and the transi-
tion b —u + W~ is strongly suppressed. These results ex-
press an exceptionally important fact: the quarks of the first
and second generations are mixed more strongly than the
quarks of the second and third generations, and the mixing
of the first and third generations is quite small.

At the present time, the six-quark model makes it possi-
ble to give a successful description of a large set of data,
including the decays of the heavy quarks—the quarks with
charm and beauty.” (According to communications from
CERN,? the last missing fundamental object of this model—
the t quark—has been found.) It is now becoming the order
of the day to make a more detailed investigation of the pa-
rameters of the Kobayashi-Maskawa scheme and to seek
methods of making a critical test of its most characteristic
predictions.

Here we shall discuss the contemporary phenomenolo-
gical status of the quark mixing parameters and the closely
related problem of the physics of neutral K mesons. The
point is that the mass difference between the neutral K and
K2 mesons is very sensitive to the strength of the mixing of
the third generation of quarks with the first two generations,
and CP nonconservation in the decays of K° mesons in the
Kobayashi-Maskawa model appears only because of the
mixing of the t and b quarks. Therefore at the present time
the neutral K mesons represent a natural laboratory in
which one can, on the one hand, study the effects of quark
mixing and, on the other, test the Kobayashi-Maskawa mod-
el as a whole.
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In Sec. 1 we recall briefly the mechanism which gives
rise to quark mixing in the framework of gauge theories of
the electroweak interaction. In Sec. 2 we present the existing
direct experimental information about the mixing angles,
and in Sec. 3 we describe briefly the prospects for their
further refinement. Section 4 is devoted to the physics of the
neutral K mesons—the mass difference between the K7 and
KS mesons and the violation of CP invariance in their de-
cays. Here it is explained that the experimental value of the
K¢ —K? mass difference cannot be used directly for a deter-
mination of the mixing angles. At the same time, the CP
nonconservation observed in K°-meson decays imposes sub-
stantial constraints on the parameters of the Kobayashi-
Maskawa scheme. The value which this scheme predicts for
the ratio £'/¢ characterizing the deviation from the super-
weak model of CP violation is close to the contemporary
experimental limit, and, thus, a more accurate experimental
determination of the value of £’/ may serve as an indirect
test of the validity of the Kobayashi-Maskawa model.

1. QUARK MIXING IN THE SU(2), xU(1)y THEORY

As is well known, in the SU(2); XU(1)y theory of
Glashow, Weinberg, and Salam the left-handed quarks and
leptons are combined into doublets of the group SU(2),
whereas the right-handed quarks and leptons are SU(2)
singlets:

(:?)L, ek; (vt‘)l-, BR; (:T)I, TR - o
. o ¥ (D
(dr )L’ ui}v d{'?v (S, )Lv CRy SR ( b’ )L7 th va R
ATy
(WL' R™=™2 W)'

The primes indicate that we are dealing with “current”
states, which are present initially in the theory and are com-
ponents of SU(2) X U(1) multiplets. In terms of these “‘cur-
rent” fields, the interaction of the gauge bosons has a diag-
onal character with respect to the generations. Thus, the
W™ converts ¢’ only into v; and g’ only into v,,, d' — v/,
and, for example, the W bosons do not interact with the
current’s; 7, ui:

() T ’ — ’
Ju'tept = VeYueL -+ VuYubL+ - - -,

(+) iy ’ = ’ (2)
Junadr = Ur¥udy +cryusL 4+ - . .,

where j, is the weak charged current of the quarks and lep-
tons.

The current fermions (1), which are introduced initial-
ly into the theory, are massless particles. In fact, the fermion
mass term in the Lagrangian has the form

—Z’mas;=mi”lf=m(?]}l’ﬁ—|— q—’RIPL). 3

Since the left-handed fields are SU(2) doublets and the
right-handed fields are singlets, the mass term (3) would
violate SU(2) X U(1) symmetry. Therefore the quarks and
leptons can acquire mass only as a result of spontaneous
breakdown of this symmetry.

In the standard theory, the gauge SU(2), XU(1)y
symmetry is broken down to U(1),,, on account of the de-
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velopment of a nonzero vacuum expectation value of the
neutral component of the doublet scalar (Higgs) field
@ = (¢;(+)/¢;(0)):

@)=, v=(GeV )

Here the fermions can also acquire mass. In fact, let us con-
sider the Yukawa interaction

B Qia9*dn+da0d 01, %=} ), (5)

where Q1 denotes the doublet of left-handed quarks, and  is
the index of the group SU(2). Unlike the mass term (3), this
interaction does not explicitly violate SU(2) X U(1) invar-
iance and can therefore be present in the Lagrangian. It is
easy to see that the development of a nonzero vacuum expec-
tation value (4) of the Higgs field as a result of the interac-
tion (5) leads to a nonzero mass of the d quark: replacing the
components of the scalar field ¢ in (5) by their vacuum
expectation values, we obtain

= 246 GeV. (4)

R (Q1a9%dR + dr@F Q) - —= V— =d'd’,
and, thus,
hv

75.

In order to ensure that the u quark would have a mass,
we must use a Yukawa coupling of the form

myg=

hlgaﬁ (aiaq)g-uh "" Ei}(PBQ,La)- Eaﬁ =i (Tz)aﬁ7 (53.)

which leads to the mass term (4 'v/+/2 )%u, and the mass of
the electron appears as a result of the interaction

,VI
B (apmer +erosl), o= (7). (5b)

The explicit form of the interactions (5), (5a), and
(5b) refers to the case in which there is only one generation
of fermions—say, leptons e~, v, and quarks u, d. In the
realistic case of several fermion generations, SU(2) X U(1)
symmetry requires only that the Yukawa interaction have
the structure (5)—~(5b) but allows, for example, the right-
handed d quark dg in (5) to be replaced by the s quark sg , or
the first doublet (u’, d'); of left-handed quarks to be re-
placed by the doublet (c¢’, s’); and so forth. The Yukawa
constants then become matrices with respect to the genera-
tions, and the most general Yukawa couplings can be written
in the form

— Zy = 1MPQ pdy + 10 oouk + DT el +Hec.,
{9 @(0)
‘P°—(q><->): (—q><+>*) ; (6)

here ¢° is the Higgs doublet charge-conjugate to g;
i, ug, dg, 11, e are the “current” quarks and leptons of
the ith generation, and h, are arbitrary nXn matrices,
where n is the number of generations.
As a result of the development of the nonzero vacuum
expectation value of the field ¢ %, (@ °) = v/y/2, the inter-
action (6) leads to the following terms in the Lagrangian:

— Lmass=m (d)d dR —1—m(muLuR +m eL.e’I?‘}"H.C. (7)
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It is easy to see that (7) represents the usual mass terms for
the quarks and charged leptons, except that here, in contrast
to the simplest case of one generation, we are combining not
d; withdj, uj withuj,and e{ withej directly into a single
massive Dirac particle, but certain combinations: (dj ,sq ,...)
with (dy, sk,...), etc. In fact (see, for example, Refs. 5 and
9), it is always possible to define new physical fermion fields

dL‘Z - (VL)ihdi.ahv
dri={(VR)ndRs,

ur; = (UL) UL, eri= (EL)ireLn,

up: = (UR)ipUne,

(8)

eri = (ER)in€Rn

obtained from the corresponding “current” quarks and lep-
tons by unitary rotations U g, ¥V g, Ex, in such a way
that in terms of the new fields the mass term (7) has the
standard form

‘_xmagg =My (ELdR + ERdL) + mg (‘:S‘LSR —’——:S‘RSL) + e

+my (WLU R + uryL)

+me (c_'LcR +ERCL) + e +m, (—eLeR -+ (,;Reb)
+my (bLhR + BRUL) + -+ 9

(here, by definition,d = d,,s =d,,u =u,,c =u, e=e,,
1L = e,, etc.). This means that the Dirac fermions defined in
(8) are massive physical particles.

It now remains only to rewrite the interaction of the
quarks with the W bosons in terms of the physical fields:

ulivudli- Wi = uriy, ULV indra Wi = ulivy (V)indLaWi.
(10)

The unitary matrix V= U ¥V defined here is in fact the
quark mixing matrix which describes the interaction of the
quarks with the W bosons. We note that the interaction of
the fermions with the Z° boson and the photon remains diag-
onal with respect to the flavors, since the corresponding neu-
tral currents are combinations of the type @y, ¥, ur;
iR ¥, Uk €tC., Which are invariant with respect to the trans-
formations (8).

As regards the charged lepton current, in the case of
strictly massless neutrinos their physical states are deter-
mined not by diagonalization of the mass matrix, but by
‘“‘diagonalization” of their interactions. The physical neu-
trinos v; are then the same combinations of v' as for the
charged leptons [cf. (8)],

vy ={(EL)inVks

and therefore in the lepton sector transitions can in fact oc-
cur only within each of the generations. If, however, the neu-
trinos are massive, the charged lepton current, like the ha-
dron current, is described by some 7 X n unitary matrix (» is
the number of generations; see, for example, Ref. 10).

We note that the diagonalization of the quark mass ma-
trix leaves a certain arbitrariness in the definition of the
fields corresponding to the physical states, since the diag-
onal mass terms (9) permit multiplication of the field of any
of the Dirac fermions W by a phase factor:
Y= (Y, ¥r ) — €¥Y = (Y., ¥y ). In the language of
the quark mixing matrix ¥, this corresponds to the freedom
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to multiply any row or column by an arbitrary phase factor.
This ambiguity can be used to choose the most convenient
representation for the matrix V.

If there were only four quarks in nature, the charged-
current matrix would have the form'

—sin ec)
’

( cos O¢
cos B¢

sin B¢

where 0 is the Cabibbo angle. In the six-quark case with

three doublets of quarks, the mixing matrix is characterized

by three angles and one complex phase §.> We shall use the

following parametrization of the Kobayashi-Maskawa mix-
ing matrix>'":

d s b
u €1 513 5153
V=c c1e,05 555560 c1easg — speqe® s (11)

i b
t \~—s;18, clszcs—czsselﬁ €15983-} CaCq€"",

~—$1Cz

where ¢; = cos 0, >0, s; = sin 6, >0, 0<6 <2m. The main
difference between this case and the four-quark case is the
fact that here for § 20 there is a violation of CP invariance in
the interaction of the quarks with the W bosons.”

In the literature, use is sometimes made of a different
parametrization of the six-quark mixing matrix (11)—the
so-called Maiani parametrization'?:

caco €pso sg N\
iar iar i
V=l —sycospe®® —socy c\,t:e——s,,sBsee’(s sycpe’ ) ;
Y _ie
— spcycg -+ sysoe 1 — cyspsg— SyCee " cyep

(12)

here the independent parameters are the angles 3, ¥, € and
the phase §’. This parametrization is in many cases more
convenient, since in it the decays of b quarks fix directly the
values of s, and s; and not a combination of angles, as in the
parametrization (11).

As is well known, cosmological arguments based on
consideration of processes involving the synthesis of helium
in the early Universe impose a limit on the number of mass-
less or light neutrinos.” For example, the calculations of the
standard model of the hot Universe show that their number
must not be greater than three.'> More conservative esti-
mates which take into account the chemical evolution of
matter in galaxies admit the existence of 8-10 generations.'*
However, these restrictions may be lifted if, for example, the
neutrinos of the next generations are sufficiently heavy.

In the following sections, we shall discuss the six-quark
scheme of Kobayashi and Maskawa, and in passing we shall
enumerate only briefly the restrictions on the mixing param-
eters for the case of a larger number of generations.

2. WHAT 1S KNOWN ABOUT THE MIXING ANGLES

In this section, we list the available information about
the various matrix elements ¥, which follows directly from
the experimental data that have so far been obtained. In prin-
ciple, there exists a completely sufficient number of measur-
able quantities for a unique determination of the four param-
eters of the matrix V. Unfortunately, contemporary
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experiments often make it possible to establish only bounds
on some quantities. Moreover, there are a number of theo-
retical uncertainties associated, in particular, with the fact
that the experiments measure not the purely quark charac-
teristics, but only hadron characteristics.

We begin with a formulation of the general features of
the determination of the mixing angles &;, which makes it
possible to visualize clearly the structure of the matrix V.

All the angles are found to be small: 5, ~sin 6 - =9.22,
5,~0.05, 5;50.03, ie., s, §3 ~sin’0.. Consequently, the
structure of the mixing matrix is such that only transitions
within the same generation are in fact “allowed.” Transi-
tions between generations are “forbidden”—they are pro-
portional to the small mixing angles, and transitions across a
generation are “superforbidden.” Moreover, whereas transi-
tions between the first and second generations are propor-
tional to sin @ ., transitions between the second and third are
suppressed by a factor ~sin’8 ., and transitions between the
first and third are of the order of sin*§ . in the amplitude.

As regards the CP-violating phase §, if the Kobayashi-
Maskawa mechanism is the only source of the observed CP
nonconservation in K° mesons, for a mass of the t quark
which is not too large (m, <80 GeV) sin § cannot be much
less than unity: sin § 2 4. More detailed estimates of the
phase 8 are discussed in Sec. 4.

1. ¥V,q4 = ¢, = cos 0. The quantity V4 is measured in
B decays of nonstrange particles. A comparison of the data
on superallowed nuclear 0" —0* Fermi transitions (which
are most convenient for a theoretical analysis) with the
muon decay probability gives the value'®

¢; = 0.9735 = 0,0015, s, = 0.229 & 0.006.  (13)

It should be stressed that the strictly experimental uncer-
tainty is not more than one third of the error given here; the
main error in (13) arises from the need to take into account
radiative corrections, which violate isotopic invariance in
nuclei.'?

An accurate measurement at the meson factory
LAMPF of the probability of B decay of the # = meson,
7+ — 7% " v,, also makes it possible to determine the quan-
tity Vg (Ref. 16): ¢, = 0.937 + 0.035, which agrees with
the value (13). Unfortunately, this theoretically “pure” de-
cay cannot at present compete in accuracy with nuclear tran-
sitions.

2. V,, = s,c;. This matrix element is studied directly in
semileptonic decays of K mesons and hyperons. In 1983 the
WA?2 group (SppS, CERN) presented results of measure-
ments of five different semileptonic decays of hyperons,
B; — B; + ¢ + ¥, in a single experiment with high statis-
tics. An analysis of the data of that experiment, including
results on the neutron lifetime, led to the value'’

| Vas | = 0,231 + 0,003. (14)
(For a review of the data on hyperon decays, see also Ref.
18). It should be stressed, however, that this analysis was
based on Cabibbo’s theory,'® including the assumption of
SU(3) symmetry of the form factors (at zero momentum
transfer) which determine the matrix elements of the ha-
dronic V-A current with respect to the hyperon states. In
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reality, this symmetry may be quite strongly broken, par-
ticularly for the axial form factors, for which the theorem of
Ademollo and Gatto is not applicable. A fit to these data
without the assumption of SU(3) of the axial form factors
led to the value'®

| Vus | = 0.231 + 0.005. (15)

However, a violation of SU(3) symmetry for the vector form
factors as well may be sufficient to introduce a relative error
in the determination of ¥, at the level of several percent®™
2. but a realistic estimate of these effects is highly problem-
atic.

Independent information about the quantity ¥, is pro-
vided by the K; decays K™ — 7% v, and K} —7"e*v,,
in which only the vector part of the hadron current is opera-
tive, and the effects of symmetry breaking are small and are
to some extent amenable to theoretical calculation. The
careful analysis of K,_; decays performed in Ref. 20 (an ear-
lier analysis was made in Refs. 21 and 22) gave the value

| Vas | = 0.2196 =+ 0,0023, (16)

where the error takes into account both the experimental
and theoretical uncertainties. The inclusion of (16) as an
additional constraint in the analysis of the hyperon data
leads to the value®

[ Vs | = 0.221 & 0.002, (17)

and the quality of the fit remains quite good.'®*® We adopt
the estimate (17) for the quantity V.

A comparison of the matrix elements V., and ¥V
makes it possible to obtain an upper estimate of the possible
value of sin &;:

cos By = | Vs | (1 — | Vua[P)~1/2 = 0,966 & 0.035,
or sin 65 < 0.36.

As we shall show below, the decays of b quarks indicate
that in the six-quark scheme sin &, should be about an order
of magnitude smaller than this quantity. Nevertheless, the
foregoing estimate is important in case it turns out that the
number of quarks is actually greater than six:

(Va2 4 [Vap 24 .. )2

= (1— Vs |2 — [V uq[?)1/2 << 0.36 sin 6,<<0.085.

3. Vg = —5y¢,. The quantity | V4| is determined di-
rectly from the data on production of charm in the neutrino
reactions

Sut N —p e all.

In the cross-section difference

(18)

0 (Vu+N—p~+c+all)— 0o (v, + N - p*+c+all)

there is a cancellation of the contribution to the production
of ¢ quarks from the sea s quarks, which is proportional to
|V |*~ 1, and allowance is made only for the process

vy +d—>p +c.
The CDHS group, having measured these cross sections, ob-
tained in this way the value?® (see also Ref. 24)
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| Vea | = 0.24 = 0.03. (19)
(Analyses of these same data performed in Refs. 22 and 25
gave the similar values |V_|=0.25+0.04 and
[Vea | = 0.20 + 0.03, respectively.)

Using the values |V 4| (19) and | V4| (13), it is possi-
ble to find upper bounds on the angle &, and on the mixing of
the Q = 2/3 quarks of the next generations:

sin 0, << 0.45, V' [ Vg P + ... < 0.45sin 6, = 0.105.

(20)
If, however, there exist only three generations of quarks,
then by using the stringent contraints on 8, and 8 ; from the
decays of b quarks (see below) it is possible to deduce that

Vea~®—Vus, OF Veq= —0.221%5:302
(We recall that the sign of V_, is dictated by the parametri-
zation which is used for the matrix V.)

4. V., =c,cc; + 5,5,¢®. This matrix element enters
into the amplitudes of the Cabibbo-allowed decays of the
charmed quark. Its precise measurement seems a rather
complex problem. At the same time, for small 8, and 6, the
difference between | V.| and |V, | is quadraticin @, and 8.
Therefore the experimental determination of |V, | does not
give significant information about the mixing angles 8, 6,
and 6,.

The most direct method of determining V', is to mea-
sure the semileptonic decays D — K*ev, ,Kev,. The width
of the decay D* — K, can be expressed in terms of the
vector form factor f5 7~ of the transition D* — K° (see,
for example, Refs. 4 and 26):

[ (D" —> Ko*v,) & 1.5- 10t [R5 (0) 2 Vsl (21)

for which the value /5 %(0) = 0.6 + 0.1 was obtained in
Ref. 26 by means of QCD sum rules. Using these relations,
the value of the D* —K%%*v, decay width,
T, = (1£0.5)-10" sec™ ', makes it possible to conclude
that®®

| Vs | >0.9. (22)

The value of |V, | can also be estimated from the data
on production of charm in neutrino reactions. However, the
extracted value has a substantial dependence on the propor-
tion and distribution of strange sea quarks in the nucleon
wave function and is thus subject to appreciable uncertain-
ties. Thus, using the results of the CDHS group,?? various
authors obtained lower bounds on |V, | which are somewhat
weaker than (22): |V, | >0.81,%% > 0.66,%° > 0.59.24%7

From the unitarity of the matrix Vit is easy to find an
upper bound on |V, |:

[Ves | <<V 1T— | VisF < 0.976.
In the case of three generations of quarks,

|Vcs |2 =1- |Vcd |2 - |Vcb |2r1 Vcd l:, Vus 1; llSiIlg the value
of ¥V, given below, we have

| Ves | = 0,9742 4= 0,0010.
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5.V, = CiCs53 — 5,65€°, Vy, = 5,5, These elements of
the mixing matrix are determined from the decays of B me-
sons (B® = bd, B~ = bi1). The existing data on these decays
are in good agreement with the theoretical expectation (see,
for example, Ref. 4) that they should take place mainly as a
result of quasifree decay of the b quark, in which the light
antiquark plays the role of a spectator (Fig. 1). The various
preasymptotic effects (the annihilation mechanism, ‘“quark
interference,” etc.), which are quite substantial in the decays
of D and F mesons,”® should be small for B mesons.**7?°

The analysis of the electron spectrum in the semilep-
tonic decays of mesons with beauty agrees with the assump-
tion that the b quark is converted only into the ¢ quark and
admits only a small relative proportion of b — uev decays>’:

Tb~vev) 003 (90% c.l.). (23)

T'(b—cew)
The widths of the semileptonic decays themselves can be
represented in the form

GEmb
Fsl (b—> C) :W IVcbIZZC,

Cimt (24)
. m

Ty (b— ) = Jgz [Vup %2,

where the factors z, and z, take into account in the standard
way the effects of phase space and the QCD corrections; in
the calculation of z, and z_, allowance is also made for the
effects of the bound state of the quarks in the B meson. Ac-
cording to the calculations of Ref. 29,

0.73 < 2, < 0.94, 0.33 <z, < 0.46 (25)

(the main uncertainty in z, and z_ is associated with the
mean value of the momentum of the Fermi motion of the
quarks in the meson, which in the model of Ref. 29 describes
the effects of the bound state, and the ratio z,/z. =2.1 is
quite stable here).*’ From this there follows the bound

| Vub |

| Veb | (26)
This indicates that the decay of the b quark “skipping a gen-
eration” is strongly suppressed in comparison with the de-
cay into the adjacent generation.

Estimates of the mixing parameters ¥, and ¥, them-
selves can be made by using the B-meson lifetime. The data
which have so far been obtained indicate that the B mesons
live surprisingly long—ry ~ 10"'? sec, apparently even long-
er than the D mesons (we recall that the average values are
o, =~89-10" 1 sec and rpo 3.7 - 10~ 13 sec), although
for the quark Q we have 7o ~mg >

< 0.12.

GEm}
Iy ~ 9575 |Venl? X (number of open channels).

Ve s HVus TV, dil, 5T

FIG. 1. Diagram describing quasifree decay of a heavy quark in a hadron.
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The large lifetime of the B particles, which is in itself
undoubtedly a pleasant surprise, makes it possible to con-
clude that 8, and 85 are small.

The angles 6, and 8, can be determined both on the
basis of the total width 'y = 75 ' and by using the width of
the semileptonic decays of the B mesons, I';, = B, /7g.
These two approaches give approximately the same result,
since the experimental value of the fraction of semileptonic
decays, B, , is close to the theoretical expectation B, ~ 13—
15%.%72° We shall follow the second method, which is more
reliable from the point of view of theoretical estimates.

The lifetime of the B mesons has now been measured by
the MAC, MARK II, DELCO, and JADE groups. Their
results give the value®!

(tB)ay = (1.26 & 0.19)-10-'2 sec.

As regards B, , its average value over all the experiments is
B, = 11.7 4+ 0.5% (see, for example, Ref. 7). From this,
using the theoretical predictions (24) and (25), it is possible
to deduce that

V Ven|®+2.1[Vyp|?

- /1510712 gec B (b— evX 0.38
=0.046 }, —_]/ (Ouf;vw/ .

In order to estimate the limits of variation of V', and V,,, we
take
10-"2sec < 15 << 2-10"2sec,
0.33 << z, < 0.46,
0.11 < B (b — evX)

< 0.13.
Then

VIV 24 2.4V |2~ 0.0465:011

Bearing in mind the bound |V, /
to obtain
[V = 8185 << 0.005550:0038

H — i5 i&
Since ¥V, = 16,85 — $,05€”° =c 55 — 5,€’
is possible to deduce the bounds

Vepl Sy [V + 483,
0.02173:09% <5, 0.06975:338.
Thus, from the analysis of the data on B mesons we have

(27)

Ve | <0.12, it is easy

55 << 0.02470-988.
, fortheangle8, it

(Vepl & 0.046F0:012,  [Vipl < 0.12[Vepl,

and for the angles 8, and 8, taking the largest interval, we
can give the limits
sin 8, << 0.034,

In the parametrization (12}, the values obtained for ¥, and
V.o imply that

0.016 << sin 8, << 0.095.

sin p < 0.0075, siny=0.04610:017,

sin 8 = 0.221 4 0.002.

It should be noted that in connection with the measure-
ment of the lifetime of the B mesons there have appeared a
large number of papers in which bounds are derived for the
quark mixing angles in the Kobayashi-Maskawa model, for

622 Sov. Phys. Usp. 28 (7), July 1985

example, Refs. 6, 7, 27, and 31-36. Both the schemes of the
arguments and the bounds obtained in these studies are more
or less in agreement with each other and with those given
above. Some differences between the numerical values re-
flect, as a rule, only the different degrees of confidence which
the authors have in the results of the individual experiments
and the different accuracies ascribed to the theoretical calcu-
lations.
6. Vig= —515 Vig =¢15505 — €555€°, Vi =155,
+ ;¢4 . Direct experimental information about these ma-
trix elements can be obtained only after analyzing the decays
of the t quark. However, preliminary information about
them can be obtained by using the values of the mixing an-
gles@, 6, and 8, given aboveifitis assumed that there exist
only three quark generations:

[Veal = 848, = (0.10 — 0.34) [V | = (0.35 — 2.2) - 1072,

)

Vub
[Vis] = |e48pc5— Ca8ge™| =~ ci]VCbl 1 +‘ =

=(0.975—0.99) |V, (28)

[Vipl = [€18585 +exe360 [ =V 1 — |V |2 — |V |2
2~ 0.9990+5:90%%.

If the number of quarks is greater than six, the unitarity of V
leads to the much weaker conditions

[ Vea | < 0405, | Vig | << 0.38, | Vi | << 0.9994.

Certain constraints on the mixing of the t (t') quarks in this
case are provided by the decay K; — p+u~,7?%%3% where
the contribution of sufficiently heavy quarks, which appears
in the second order in the weak interaction, might be inad-
missibly large. These constraints become significant for
m, ., 40 GeV and impose an upper limit on the product
[V iana ¥V &eys | at the level 0.04, 0.02, and 0.01 if the mass of
the heavy quark is 40 GeV, 60 GeV, and 100 GeV, respec-
tively.

In Table I we present a summary of the values of the
elements of the mixing matrix. In the third column we give
the values of the moduli of the corresponding elements mea-
sured directly in various experiments or the upper bounds
obtained by using the unitarity property of ¥ (here we have
taken 7y = 1.5 - 10~ '? sec and have disregarded the uncer-
tainties in z, and z. described above). In the fourth column
we give the values of |V;| in the six-quark scheme.

3. PROSPECTS OF A MORE ACCURATE DETERMINATION OF
THE MIXING ANGLES

1. Turning to the prospects of a more accurate deter-
mination of the quark mixing parameters, it should be
stressed, first of all, that in the framework of the standard
six-quark scheme the decays of the t quark can hardly pro-
vide new information about the angles 8, and the phase 8. In
fact, its principal decay must proceed through the channel
t—b with almost unit probability; the decay t — s is expect-
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TABLE L

Matrix Kobayashi-Maskawa [Vl

element ¥, parametrization (Ref. 11) [Vyl three generations

Vo ¢, =cos ¢ 0.9735 + 0.0015 0.9753 + 0.0005

v, 5105 0.221 + 0.002 0.221 + 0.002

Voo 5153 < 0.0055 < 0.0055

Ve — 5,6, 0.24 + 0.03 0.221 + 0.002

V., €,C5C5 + 5,5,€ 0.9 — 0.976 0.9742 + 0.0010

Vo €165, — 5,5€° 0.046 0.046

V., — 55 < 0.105 0.0045 — 0.015

Ve €15,C3 — 55, < 0.38 0.045

Ve 15583 + C,c,e° < 0.999 0.999

ed at the level 2 - 1073, although, apart from an overall
phase, the corresponding element ¥, is practically identical
to ¥, , whose accurate measurement is undoubtedly simpler
and will be carried out in the near future. It would be inter-
esting to measure the width of the decay t — d in order to
make an unambiguous determination of the angle 6,, al-
though the fraction of such decays should be only of the
order of 10~ *, and this is also complicated by the absence of
clear triggers for these decays. Nevertheless, an experimen-
taldeterminationof V', V,,,and ¥, seems essential, sinceit
may provide indirect evidence for the existence of the next
quark generations.

2. A much more accurate determination of V4 and ¥,
and hence of the angle § | seems improbable. Since the prin-
cipal error in the determination of ¥4 and ¥, is due to the
theoretical uncertainties, a reduction of the error in 6, re-
quires above all a detailed calculation of the radiative correc-
tions and of the effects of symmetry breaking.

3. At the present time, it is planned to make a direct
determination of the ratio |V, /¥, | on the basis of a mea-
surement of the decay-width ratios I'(D — mev)/
I'(D — Kev) and I'(D — pev)/T' (D — K*ev). An accu-
rate measurement of |V 4/V, | seems interesting as one of
the “probes™ of new generations of quarks.

4. Future experiments to investigate the decays of B
mesons should play a major role in reducing the admissible
intervals of the angles &, and €. It is necessary above all to
determine their lifetimes more accurately by directly mea-
suring the path lengths. The fraction of semileptonic decays
of charged and neutral B mesons will also be determined
more accurately (the contemporary experimental value of
B, is somewhat smaller than the theoretical expectation;
see, for example, Refs. 6, 7, and 29). Moreover, the currently
available data have been averaged over the charged and neu-
tral B mesons. An independent measurement of B, (B* )
and B,, (B?) will also make it possible to determine the life-
times of both mesons:

1(B) _ B(B- >ewX)

T(B% = B(BY—>ewvX) "

5. It seems very important to determine more accurate-
ly the proportion of decays b — u in relation to the decays b
— c and thereby to determine (or to establish more stringent
constraints on) the angle 6,. Experiments planned at
DORIS and CESR will be able to measure the ratio
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I'(b— u)/T'(b— c¢) with an accuracy sufficient for a de-
termination of the proportion of decays b — u at the level of
one percent. Here, however, there arises the question of
whether it is possible to give a correct theoretical description
of such an accurate value of this ratio.

6. For a measurement of the matrix element ¥, and a
determination of the angle 8, it seems promising to consider
the decay of charged B mesons into a v, pair (Fig. 2). The
probability of this process can be expressed directly in terms
of |V, | and fy —the axial decay constant of the B meson, the
analog of /. and f :

= GLfamiMy , mZ 2
(B> Tv) = B L2 yy, |2 (1_7%)

Forf3 = 130MeV (Ref. 40) and |V, /V, | =0.12, the
valueof B(B~ — 7v_) isapproximately 10~ *. The constant
fp can evidently be calculated from QCD sum rules with an
accuracy of about 15%.° It is proposed to make an experi-
mental determination of the relative probability of the de-
cays B* - rv_ using the facility CESR. There is also inter-
est in the analogous decay of the charmed B meson, B ~bg,
for which the 7v_ mode is not Cabibbo-suppressed and is
expected at the level of 1%. The value of the corresponding
axial constant f_can also be estimated comparatively reli-
ably by means of QCD sum rules. A measurement of the
fraction of decays B, — v, would make it possible to re-
duce the theoretical uncertainties in the determination of
| V., |, although it represents a rather complex experimental
problem.

7. There are also discussions in the literature of the pos-
sibility of obtaining additional information about the quark
mixing angles from the strength of the mixing of the neutral
B mesons, primarily*' on the basis of a study of the yield of
singly charged dileptons in the decays of BB pairs pro-
duced in e e~ annihilation (see, for example, the review of
Ref. 5 and the more recent papers of Refs. 25, 32, 34, 35, and
42-46). The amplitude of the transition B° — B° is deter-
mined here by the contribution of the t quark, which is pro-

FIG. 2. Diagram corresponding to the decay B~ — rv_.
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portional to (¥, ¥'#%)* The ratio x5 = Amy/I'y which
characterizes the effects of the mixing of B® and B, is then
proportional to |V o, V% |*/| Ve |*

78 & PV VEal2|Ven 2 PB=a15 for m;=40 GeV.

Unfortunately, in the framework of the standard scheme
|V wV&|?/| Ve |?S0.1, and therefore the yield of singly
charged dileptons in relation to that of oppositely charged
dileptons, rg=(n,,+n__)Y/n,_=x5/(2+ x5),*
does not exceed 19%. For BS and ES mesons,
(b5, bS)xp = B |V o ¥ &1°/| Ve |% and this quantity is of the
order of unity. However, in the six-quark scheme the ratio
|V V&|%/| V., |? is practically equal to ¢ [see (28)] and
thus cannot provide new information about the mixing an-
gles. For a larger number of generations, the experimental
limit on the yield of singly charged dileptons in the decays of
BB pairs, ry 50.3,”*7 gives a certain upper bound on the
product ¥y Vicrya at the level 0.04-0.02 for m, between
40 and 80 GeV.

4. QUARK MIXING AND THE PHYSICS OF K° MESONS

For a long time, very important information about the
quark mixing angles has been extracted from the study of the
K%K system (see, for example, Ref. 5). The point is that
CP nonconservation, which is described in the Kobayashi-
Maskawa model by the phase 8§, has so far been observed
only in the decays of neutral K mesons. In addition, the mass
difference Am,g between the K; and K¢ mesons is quite
sensitive to the mixing of the t quark with the uand c quarks.
A detailed analysis of the K; —-Kg system is contained in the
review of Ref. 5; here we shall recall only the most basic
information.

In the absence of weak interactions, strangeness is a
strictly conserved quantum number, and we have a stable
particle K® ~5d with strangeness S = 1 and a corresponding
antiparticle K®~sd with CP|[K°) = — |K°).” If the weak
interaction is included, strangeness-changing transitions be-
come possible, and these lead to mixing of the K® and K° in
the physical states possessing definite mass. If there is no
violation of CP invariance, the states with definite mass are
the K¢ and K9 mesons,

_ K°—K° _ K°4K°
Ki————lfé , KZ“T?
possessing definite CP parity:
CP (K;) = 1. CP (K,) = —1.

In the case of CP nonconservation, the physical states are the
K, and K¢ mesons,

Kg = K1+5{{2 , Ki— K2+8{{1 ,
Vifier Vitiel
and the value of Re Z is a measure of the CP nonconserva-

tion.

a) Mass difference between the K, and K; mesons

Since experimentally the CP nonconservation for the
K° mesons is small, in this section we neglect the distinction
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between the K5 and K; mesons and the K, and K, mesons.
The mass difference between the K® mesons is determined
by the matrix element for the transition K® — K° (a relativ-
istic normalization of the wave functions is assumed):

Ampg=m;—mg=mg Re ([?’|He" (AS =2)| K9,

where H_; (AS =2) is the effective Hamiltonian for the
transitions with a change of strangeness equal to 2. The
quantity H.q (AS = 2) arises in the second order in the weak
interaction and has the order of magnitude G . From the
time of the earliest studies*®*° in which Am, ¢ was estimated
in the framework of the GIM four-quark model,’ it has been
assumed that the main contribution to H4 (AS = 2) comes
from the box diagrams of Fig. 3. In the six-quark scheme, the
structure of the effective Hamiltonian remains the same as
before, but the overall coefficient is changed, and
H.; (AS = 2) takes the form

GF - -
Hyox = gz (5%u (1—75) d) (57 (1 —v5) d)
2
X [ mEVAW S+ miVEVE -+ 2meIn TV ViV eV

(29)

(here it is assumed that mZ<m%, ). In the four-quark
scheme, the second and third terms, associated with the tT
and cf, tc quarks in the intermediate state, are absent, and
the expression in the square brackets reduces simply to
m? sin® O cos® 6.

Taking for the matrix element (K°|(5y,(1
— v5)d)?|K®) the value — 8/3mk f% which follows from
the vacuum-insertion hypothesis, we have

Amps = Amypo,

4 T (Kr—>puty) 1 .
3n m? s3c3 [{—(mZ/my)]® (Ao + A+ Acy),

(30)

where 4., A, and A, are the corresponding terms in the
square brackets in (29). In the four-quark model, the value
of Am, ¢ calculated in this way agrees with the experimental
value for m, = 1.58 GeV. The discovery of the ¢ quark,
whose mass was at that time assigned a value of about 1.5
GeV, was regarded as a triumph of the GIM four-quark
scheme. However, this estimate of Am,; g was subsequently
reconsidered from several points of view. Inclusion of the
strong interactions at small distances leads to a certain sup-

W+

FIG. 3. Box diagrams corresponding to the transition K® — K°.
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pression of Am,g in comparison with (30) (Refs. 50 and
51):

Ac—>07A4,, Ay > 0.6 Ay, Ay — 0.4 Ag.

The mass of the ¢ quark, which enters into the expression for
A, is 1.3-1.4 GeV according to contemporary estimates.*
These two facts have the consequence that the contribution
of the ¢ quark can provide not more than 40-45% of the
experimental value of Am, .

We note that some uncertainty in the calculation of
Am;s comes from the matrix element (K°(5y, (1
— v5)d)*|K®). In Ref. 50 it was argued that the vacuum
insertion, which gives the expression — 8/3m% f% ,has here
an accuracy not worse than 10%. Nevertheless, in many
studies (see Ref. 5) the result of the vacuum insertion is
multiplied by some constant B, as an estimate of which, for
example, in the bag model’>** or using SU(3) symmetry
and PCAC,** a value B=~0.3-0.5 is usually given.” How-
ever, both these approaches have well-known drawbacks,*
and it is doubtful whether they have greater accuracy than
the vacuum insertion (see also the discussion of Ref. 55, in
which a value of B somewhat greater than unity was ob-
tained).

Thus, even for B = 1 the contribution of the ¢ quarks to
Am; 4 was found to be much smaller than the experimental
value, and this fact was used to obtain lower bounds on the
mixing angles 8, and 9, of the t quark.

The estimates of the parameters of the six-quark
scheme given in Sec. 2 make it possible to assert, however,
that the contribution of the t quarks [the terms A4 , and 4, in
(29) and (30)] to Am, 4 is small, at least if m, is assigned
reasonable values®: for 75 2 10~ 2 sec with m, = 40 GeV
the contribution of the t quark is not more than 2% of
(Amys ).y, and for m, = 80 GeV it is not more than 5% of
(AmLS )exp N

Thus, in terms of the conventional logic, the standard
six-quark model could not explain the observed mass differ-
ence Am . The missing mass difference might then be ex-
plained as follows.

a) There exist four (or more) generations of quarks. In
this case, the bounds on the mixings of the t(t') quarks are
much weaker, V4| <0.105, | ¥y (v)s | <0.38 (see Table I),
and their contribution to Am; ¢ may be quite large.

b) There is a large contribution to Am, g from “super-
symmetric”’ particles. Namely, the diagrams analogous to
those of Fig. 3, in which the W* bosons are replaced by
gluinos (superpartners of the gluons) and the intermediate
u, ¢, and t quarks are replaced by scalar quarks with charge
— 1/3 (superpartners of the d, s, and b quarks) can give, for
a gluino mass up to 50-100 GeV, a contribution comparable
with the experimental value of Am 4 (Refs. 56 and 57) [we
note that the direct experimental limit on the gluino mass is
only m, >3-5 GeV (Ref. 58); moreover, the data of the
UAL1 group evidently exclude the existence of gluinos with
mass less than 40 GeV (Ref. 59)].

c¢) A practically arbitrary contribution to Am; g might
come from strangeness-violating neutral currents induced,
for example, by “horizontal” or “right-handed” gauge bo-
sons or by superheavy Higgs particles. The most stringent
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constraints on the masses of these exotic objects follow in
fact from the analysis of the K; —-Kg system.%%-62

In reality, however, we do not at present have at our
disposal strong arguments for the existence of such nonstan-
dard contributions to Am . The point is that the calcula-
tion given above, which is the ordinary calculation of the
mass difference between the neutral K mesons described by
the effective Hamiltonian (29), takes into account correctly
the contribution of only sufficiently massive intermediate
states. A naive estimate of the contribution of virtualities of
the order of the characteristic hadron mass i from the dia-
grams of Fig. 3 gives a small factor ~u2/m?. In fact, the
contribution of large distances to the transition K® — K is
numerically much larger, this being due to a dynamical en-
hancement of the AT = ] decay amplitudes of strange parti-
cles. This is indicated, in particular, by the experimental fact
that

ATLs ~ T's

2~2,

AmLs ~ —

which means that the imaginary (absorptive) part of the
amplitude M oz for the transition K® — K is practically
equal to its real (more precisely, dispersive) part. If in the
expansion of the amplitude M g._, g with respect to inter-
mediate states,

(K| Hw (AS=1) [ n)(n | Hw (AS=1) | K©)

1
M., =
Koo g 1 ey :
n
Amyg AT'Ls
Re My zo= 5y Im My g, = — %

(31)

we retain only the contribution of the two-pion state, which
determines ImM g.g., the quantity Am, ¢ is given by the dia-
gram of Fig. 4, in which the points at the vertices denote
Hy, (AS = 1), the total weak Hamiltonian for the transi-
tions with AS = 1. In order to estimate this contribution to
Amy g, we can assume that the phenomenological K® — 27
vertex does not depend on the momenta, calculate it from the
Ks — 27 decay width, and truncate the integral with re-
spect to the pion momenta at some scale A. Then for
A =700-800 MeV the real part of this amplitude is already
comparable with the imaginary part and thus gives the re-
quired value of Am, .

It should be stressed that if we add to the standard
K° — K transition amplitude M, , given by the box dia-
grams of Fig. 3 the contribution of, say, a two-pion state,
then there will be no double counting of the contributions
already contained in Am,,, . Thus, Am,, is proportional to
m?2, whereas the width of the decay Ky — 27, which de-
pends on m_ through the coefficients in the expansion of

KU il 'R'a
v

FIG. 4. Diagram corresponding to the contribution of the two-pion inter-
mediate state to the transition K® — K°.
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H, (AS = 1) with respect to the local operators 0,—04 (see
Refs. 3 and 63), varies weakly with m_.%* Moreover, in the
standard calculation, even when the strong interactions are
included, the K°-K° mixing occurs as a result of the opera-
tors containing only the left-handed quark fields, whereas
the relatively large Kg — 27 decay width evidently arises
from the operators involving right-handed currents.®> More
detailed arguments that the low-lying intermediate states
give a contribution which is not taken into account by the
ordinary diagrams of Fig. 3 were given in Ref. 64 (see also
the earlier paper of Ref. 65). Special mention should be
made of the fact that the arguments outlined above confirm
the fact that the factor B introduced for the parametrization
of the matrix element (K°(5y, (1 —75)d)*K°) in the
framework of the standard calculation bears no relation to
the large-distance contribution discussed above, which is an
independent additive contribution to Amy,, .%

Unfortunately, it is not possible at the present time to
make a more or less definite calculation of the contribution
from the states with small virtuality. Below, we shall consid-
er this problem briefly.

It is easy to establish the signs of the contributions of the
various states to Amg. In the representation (31) of the
amplitude M yogo, the intermediate states can be classified
according to their CP parity. Since K; canbe converted only
into CP-odd states, and K¢ only into CP-even states, the
states with CP = — 1 having mass greater than mg will de-
crease, and those lighter than the K meson will increase,
my  in comparison with mKS,” and for the CP-even states
the contribution will have the opposite sign. It is clear from
this that the 7° meson in the intermediate state will increase
Amyg, while the #° meson will decrease it. The two-pion
states lead to contributions of either sign, depending on the
pion invariant mass, but for reasonable values of the scale of
the energy cutoff the total displacement is positive. In the
chiral limit, i.e., for parametrically small masses of the 77 and
K mesons, the largest contributions are the 7° and 7° pole
contributions. They were calculated in Ref. 66 using the
PCAC hypothesis:

mg 4mg — 3m%—m§'1

A 32 .,
e R e A e

= —0.67 (cf. 0.48 +0.02 exper. ). (32)

The numerical value given here corresponds to the ex-
perimental values of the meson masses. However, in accor-
dance with the formula of Gell-Mann and Okubo, the nu-
merator in (32) must vanish in the limit of SU(3)
symmetry, which was assumed in the derivation of (32), so
that in this approach there is a complete cancellation of the
7° and 77° contributions. We note that the individual 7° and
77° contributions calculated in this way are approximately
equal to 2I'g in magnitude. The contribution of the two-pion
state depends to some extent on the scale of the ultraviolet
cutoff and, as we have already noted, is approximately
1/2T 5. In Ref. 67 it was emphasized that states with interme-
diate virtuality, for example, the ' meson, can also give an
appreciable contribution to Am, g.
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Thus, among the contributions of the low-lying states
there are terms of both signs, and the individual terms in the
sum can be three or four times as large as the experimental
value of Am . Since it is not possible to calculate these con-
tributions with sufficient accuracy, the absolute accuracy of
the various theoretical estimates of Am, g is probably even
worse than the value of Amg itself. It is interesting to note
that similar calculations of the mass difference between the
K° mesons on the basis of the low-lying states were per-
formed even before gauge theories of the electroweak and
strong interactions were developed.5®®%-7! At that time,
however, it was not possible to take into account correctly
the small-distance contribution Am,,,, which is parametri-
cally dominant in the case of a heavy ¢ quark. In reality, the
mass of the ¢ quark proved to be insufficiently large, and
these two mechanisms appear to give approximately the
same contribution to Am .

b) CP nonconservation in K mesons

One of the remarkable properties of the six-quark
scheme of Kobayashi and Maskawa is the fact that it con-
tains a natural possibility of violation of CP symmetry.”
Since experimentally the violation of CP invariance has been
observed only in the K; -Kg system, the neutral K mesons
represent the only source of information about the CP-vio-
lating parameter ¢ in this model.

In the Kobayashi-Maskawa matrix (11), none of the
elements which determine the interaction of the u and d
quarks with the W bosons contain the CP-odd phase e, so
that in the four-fermion interaction describing the decay of
K mesons the complex coefficients leading to CP nonconser-
vation appear only in the operators containing pairs of heavy
¢ or t quarks. In one of the earliest papers’ in which the
effects of CP violation in the six-quark scheme were ana-
lyzed systematically, the amplitudes for the direct CP-odd
decays K, — 27 generated by these operators were estimat-
ed to be very small, and the observed CP nonconservation
was due solely to the CP-odd mixing of the K, and K, me-
sons resulting from the complex character of the mass differ-
ence Am;, ¢ given by the diagrams of Fig. 3. This led to the
conclusion that within the framework of the K| —-Kg system
the Kobayashi-Maskawa model simulates the superweak
mechanism of CP violation (Ref. 73),* and the deviation
from it was predicted to be very small. The quantity ¢ itself is
proportional to 2s,s; sin §, and from a comparison with the
observed values of

e — A0 1 Hw | Br)
= Tm*aT | Hw | Kg)?

~ 2Mi—TFToo
E¥ =3

__ {a’n® | Hw | Ky)
Moo= “(no0 | Hvw | Ksy

1 o Ne="Noo (33)
3

y e =

the product s,5; sin 8, which enters as a factor into all the
CP-violating amplitudes for the K® mesons, was expected to
be at the level of 0.5 - 1072, Subsequently, however, it was
shown®® that because of the “annihilation” diagrams of Fig.
5 the contribution of the virtual heavy quarks is very impor-
tant in the decays of K® mesons and may explain the AT = i
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FIG. 5. “Annihilation” diagram for decays of strange particles.

rule and the relatively small lifetime of the Ky meson. In the
framework of the Kobayashi-Maskawa scheme, this fact
leads to the conclusion that the observed CP nonconserva-
tion may also have an appreciable contribution from the di-
rect decays K, — 2, since here the amplitudes for the weak
decays have a CP-odd phase £ which is in general of the same
order of magnitude s,5;sin & as the CP-odd phase of
Am, "% Itis important, however, that the “annihilation”
diagrams lead only to operators with isotopic spin 1, so that
the violation of the prediction 7, _ = 74, of the superweak
model” induced by the direct decays arises only as a result
of the violation of the AT = | rule in the ordinary CP-even
decays K, — 27 (see, for example, Refs. 80 and 81) and is
therefore expected to be at the percentage level.”*7>#

In the theoretical estimation of the effects of CP non-
conservation for K° mesons in the Kobayashi-Maskawa
model, there arises above all the question of the validity of
the calculation of the CP violating imaginary part® of the
amplitude (K°| 7T |K°)ImM gogo by means of the ordinary
box diagrams of Fig. 3. As was explained in the preceding
subsection, in the calculation of the K; ~K¢ mass difference,
i.e., Re M kogo, this procedure can admit almost uncontrolla-
ble errors associated with the effects of large distances, and
the magnitude of these contributions can exceed the stan-
dard quantity Am,.,. However, in Refs. 64 and 65 it was
shown that under certain assumptions the large-distance ef-
fects in the CP-odd transitions K® — K°an be taken into
account. Thus, if the effective AS = 1 Hamiltonian for the
weak nonleptonic transitions is dominated by only one oper-
ator_with AT =4, the CP-odd phase of the transition of
K°(K?) into any intermediate state will be determined by
the complex phase factor e of the coefficient of this opera-
tor, and therefore the contribution of these states to the
K° — K° transition amplitude (K°|7 |K°) will have the
phase ¢¥¢ . In this case, the large-distance contribution to
ImAf .o can be expressed in terms of the quantity £ and the
contribution of the low-lying states to the K; —-Kg mass dif-
ference.

Roughly this situation is realized in the decays of K°
mesons, where it is possible that about 70-80% of the
K; — 27 amplitude is provided by the operator Os +
(3/16)04,%* which arises as a result of the “annihilation”
diagrams of Fig. 5 (see also Ref. 3). If we adopt the hypothe-
sis of dominance of the operators Oy and O, the CP-noncon-
servation parameter £ can be readily calculated.

Making use of the smallness of CP nonconservation for
K mesons and the experimental equality AT ~T"g =2Am g,
the expression for ¢ can be written in the form (see, for exam-
ple, Ref. 5)
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1 ilmM

KOK0
&~ m(” Re M. +§)
KOK0
e ein/é_ (ImMKoﬁ —2'_)
22 ReMK,’ﬁ =]
. - (34)
Be;‘[Ko'—o%-—z‘AmLs, ‘1[K0_0:< OITIKO),

where £ is the CP-odd phase of the amplitude for decay of the
K° meson into two pions with zero isotopic spin, from which
the pion scattering phase is separated:

() 1= [T |KO) = 14 ei00, E=

~ 8,838in 8. (35)
0

If we now represent the K® K transition amplitude
M yogo in the form of the sum of the small-distance contribu-
tion M, and the large-distance contribution M, , then, as
we explained above, Im M, =~2& Re M, and hence

e

iyt ( Im Myox—+ 28 Re Miong —2E)

=T 2 y3 \" Re Myox -+ Re Miong
_ et Tm Myox—2E Re Mpoy 36
V3 Amrs . (36)

Thus, inclusion of the direct decays and the effect of large
distances reduces to the addition to Im M, of the quantity
—2£ Re M, .5

It should be stressed, however, that this statement has
limited accuracy. In reality, the dominance of the operators
O, and O in the ordinary CP-even decays of K° mesons is
not absolute. Moreover, although it is probable that these
operators, which contain the right-handed quark fields, are
indeed dominant in the transitions K° — 7°,%°, which are
evidently most important in the large-distance contribution,
there are no special reasons to expect that O 5 and O, which
contain small coefficients in comparison with the operators
0,-0,,% willbe decisive in transitions intostates with inter-
mediate energy. If such states give an appreciable contribu-
tion to M oo, there may be significant corrections to the
relation (36).

Bearing in mind this remark, we shall nevertheless
adopt the estimate (36) for . Further, it is convenient to
introduce the notation z=Re M, |Re Mg =2 Re
M., |Amys. Then
1 _ IZ| Im Mbox
V2 Re Myox
The expression for M., in the six-quark scheme is well
known (see, for example, Refs. 50and 51). For 52, 53, 52 <1,

— %

.
o] ~

. (37)

Tm Moo, = (KO (sv, (1—75) d)2|K®
G

X 16n2

simg- 25,8, sin 8 { — 1

m? m2 ~
+ 3 In m—é'f‘m—é (M2 + MoY) $2(85——5; €08 5)} s

G} .
16n? 51

Re Moo, = (R°)(s%, (1—175) D*IK% ey stmi {

+ 255 (55— 5308 8) 1,4 lnlf
me
m2 ~
+ 82 [(sy— 55 cos 8)2 — s2 sin2 §] ’;é (Maz + nzy)} . (3%)
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Here 7,, 75, 7,, 17, are small-distance gluon-renormalization
factors, and the factors x and y take into account the finite-
ness of the mass of the W boson in the diagrams involving
twot quarks® (see Fig. 3);for m?<M %, wehavex =1,y =0,
while for m? = M %, wehavex = 1/3,y = 5/12. Aswenoted
in the preceding subsection, for the existing constraints on
the mixing angles #, and 8, the terms corresponding to the
contribution of the t quark to Re M, are small, and there-
fore

Im Myox .,

25,5516 [ o 1n L g | Tk 5
Re Moo 5583 81N [E N +m—gsz(sz—s,cos )

x(?]—’ler%y)]- (39)

Numerically, 7,/7,~0.6-0.55 and %,/7,~7,/7, =0.9,
and it is obvious that these quantities do not depend on the
normalization point of the operators.

Asregards the phase £ in (37), its precise value is deter-
mined by the relative contribution of the operators o5 and o
to the various strangeness-changing amplitudes. According
to the estimates of Ref. 82, in the decays K5 — 27 we have
&=~ (0.8-1.2) 5,5, sin §; for complete dominance of the oper-
ators o5 and 0, we have £~ (1.3-1.5)s,s, sin 8.*” The quan-
tity z, which determines the proportion of the contribution
of Am,,, to the total mass difference Am; ¢, has a substantial
dependence on the value of the matrix element
(K°| (57, (1 — 75)d)?| K®). Using for it the vacuum-inser-
tion estimate, z is found to be approximately 0.5, as was
shown in the preceding subsection.

Since the angles 6, and @, are small, the CP nonconser-
vation observed for the K° mesons, |e|=|7, _|
~2.27 - 1072, leads to rather stringent constraints on the
parameters of the Kobayashi-Maskawa matrix. Thus, if we
adopt the value |V |= 0.051, which corresponds to
3 =~12-107"2 sec, and sin 6;<0.028 (T'(b—u)/
T'(b—c) <3%), then to obtain the indicated value of ¢ the
mass of the t quark must be greater than 40-50 GeV; for all t-
quark masses not significantly greater than the mass of the
W boson, the parameter region cos § < 0 is rejected. As to the
phase & itself, we have (for m, S my, )sin § R 1/4. Thus, if
CP nonconservation is ensured only as a result of the Ko-
bayashi-Maskawa mechanism, we are dealing with practi-
cally the maximum possible violation of CP invariance.

A lower bound on the mass of the t quark as a function
of the B-meson lifetime was derived in Ref. 36 on the basis of
analogous arguments. However, in the numerical estimates
of that paper use was made of the value of the matrix element
(K°| (37, (1 — 75)d)*|K®), modified in comparison with
the case of the vacuum insertion by a factor B=0.37 (at the
normalization point, @, ( #*) = 1), which corresponds to a
decrease of z down to about 0.2. For this reason, more strin-
gent constraints on the mass of the t quark were obtained in
Ref. 36. In addition, no allowance was made in that paper for
the contribution of the direct decays to the quantity &, which
is opposite in sign to the CP violation originating from the
K{ — K} mixing. However, this contribution cannot be par-
ticularly important, since it would lead to an inadmissibly
large value of the quantity £'/¢ (see below).
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The last problem on which we shall dwell is the devi-
ation from the prediction £’/ = O of the superweak theory
of CP violation (Refs. 76-79, 82, 64, 65, and 32). In the
Kobayashi-Maskawa model, £ #0 on account of the direct
CP-odd decays K — 27 and, at the same time, the violation
ofthe AT = | rule in the ordinary weak decays of K® mesons
(see, for example, Ref. 5):

_Im4,

’ i : A 1
& — —— ittt = ’ Pl e =0
3 5 ! A, w0 & Re 4,

(40)

[8, and &, are the pion scattering phases in the correspond-
ing isotopic states, and §, — §,~ — 45° (Ref. 83)]. Thus,
for the quantity £'/£ we obtain the relation

o) 2F

o
L) i[(8g-
e ™% T Mpor/Re Mpgg) —2E & 0FWH. (4D
If we adopt for £ the estimate®
E = Hs,sysin 8, H ~1, {42)

then £'/¢ is roughly positive (arg £'/£=0), and its absolute
value |e'/e| is about 2.5% for m, = 40 GeV, 1.5% for
m, = 55 GeV, and 1% for m, = 80 GeV. The experimental
limit J'/e| 5 1/50 (Ref. 84) thus lies very close to the value
predicted in the Kobayashi-Maskawa model.'® However, it
should be stressed that the literal theoretical values of £'/¢
given above include substantial uncertainties. They are asso-
ciated primarily with the estimate of the amplitude for the
direct CP-odd decays, which is proportional to the matrix
element (7m|os¢|K®) [calculations according to the bag
model have given for H the values 0.25-0.5 (Ref. 79), 0.54
(Ref. 38),and 0.4 (Ref. 86) ]. Moreover, appreciable uncer-
tainties arise from the possible deviation of the model-depen-
dentfactor B from unity:&’/e ~ 1/z ~1/B. Finally, as we not-
ed above, some uncertainty is associated with the inclusion
of the large-distance contribution to the CP-odd amplitude
for the transition K® — K° . For these reasons, one often
encountersin the literature the more cautious statement that
|€'/€| >0.5% in the Kobayashi-Maskawa model (for exam-
ple, Refs. 87 and 88). Nevertheless, it can be asserted that
£'/e>0.**¥78% We note also that for a large t-quark mass
£'/e depends to some extent on the specific values of the
angles#, and & 5, and for a reduction of'sin 8 ; in comparison
with |V, | [i.e., a reduction of T'(b —u)/T(b—c)] the
possible interval of variation of £'/¢ is shifted into the region
of larger values (the estimates of £'/¢ presented above are
the minimum possible values).

In Ref. 87 values of £’/ for various values of the param-
eters B, m,, '(b - u)/T"(b— c), and 74, calculated in an
analogous manner, were given [for H the value 0.54 (Ref.
38) was used]. We note that according to the estimates of
Ref. 89 the contribution of the electromagnetic interaction
to the quantity |¢'/£| could reach tenths of a percent.

Summarizing the content of this section, it should be
stressed that the mass difference between the neutral K me-
sons can probably not be used directly to extract additional
information about the quark mixing parameters, in view of
the difficulty of taking into account the large-distance con-
tribution, which evidently has a magnitude of the order of
the mass difference Am, g itself. As regards the CP violation
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which is observed for the K° mesons, the situation here is
somewhat better. Thus, in the framework of the explanation
proposed in Ref. 63 for the AT = | rule in the ordinary non-
leptonic decays, the large-distance effects in the CP-odd
K, < K, mixing can be taken into account, and a compari-
son of the theoretical estimate for the quantities 7, _ and 74,
with their experimental values indicates that for 75 2 1012
sec the mass of the t quark must exceed 40-50 GeV, the
phase § must lie in the first quadrant (cos §>0), and sin §
must be of the order of unity. Moreover, the predicted value
of '/¢ is close to the contemporary experimental limit. For
this reason, it seems very interesting to determine more ac-
curately, as is planned in future experiments, the quantity
¢'/eand theratioT'(b — u)/I' (b — ¢) on the one hand, and
the mass of the t quark on the other. A reduction of the
experimental uncertaintiesing'/e and I' (b — u)/I'(b — ¢)
by a factor of several fold would provide forceful arguments
in favor of the mechanism of CP nonconservation discussed
here or would present the Kobayashi-Maskawa model with
very serious difficulties.

As in the case of the K -Kg mass difference Am, g, the
CP-odd effects may be strongly modified if there exist more
than three generations of quarks, and also as a result of a
contribution from supersymmetric particles or neutral cur-
rents with AS 0 associated with superheavy ‘“horizontal”
or “right-handed” gauge bosons and/or neutral Higgs parti-
cles having an interaction with the quarks which is nondia-
gonal with respect to the generations (see the preceding sub-
section). In the first case, in view of the weaker constraints
on the mixing of the t(t') quarks, their contribution to the
transition K° — K° may be much larger than in the six-
quark scheme, and the observed value of ¢ is attainable for a
relatively weak complex character of the mixing parameters.
Moreover, in the case of four generations of quarks the CP
violation in the decays of K° mesons is already described by
two phases in the quark mixing matrix. It can be shown that
in this case the ratio £'/¢ can have either sign, and this does
not require a substantial increase of the mixing angles V', ;-4
and V., ,, in comparison with the six-quark scheme. In the
absence of special cancellations in the magnitude of the CP-
odd mixing ¢, the ratio |¢'/¢| should not exceed several per-
cent, as before.

In supersymmetric theories, the box diagrams involv-
ing gluino exchange can give a large contribution to € and
can ensure the observed violation of CP invariance.’*** The
value of ¢'/¢ predicted in these theories is, as a rule, some-
what smaller than in the standard scheme.’>** Such models
can lead to a neutron dipole moment close to the experimen-
tal limit.*°

Finally, CP violation with an arbitrary scale can be in-
troduced in the K; -Kg system by means of ‘“‘horizontal”
gauge bosons or superheavy scalar particles. This would
simulate the superweak model of CP nonconservation’®; in
particular, £ =0.

CONCLUSIONS

To conclude the review, we note that measurement of
the lifetime and investigation of the semileptonic decays of B
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mesons, together with the previously performed analysis of
the decays of K mesons and hyperons as well as nuclear 5
decays, makes it possible to determine quite accurately the
absolute values of all the elements of the quark mixing ma-
trix in the case of three generations. Estimates of the phase 6
require the additional assumption that the only source of CP
nonconservation in the decays of K° mesons is the interac-
tion of the W bosons with the quarks (the Kobayashi-
Maskawa mechanism). In this case, § must lie in the first
quadrant, and sin & is found to be of the order of unity. In the
framework of the six-quark scheme, the investigation of the
decays of the t quark will probably give no additional infor-
mation about the mixing angles. From the point of view of a
more accurate determination of the angles @, and 44, it
seems most promising to perform further experiments to
measure the B-meson lifetime, the fraction of semileptonic
decays of the b quark into the u quark, ' (b—u)/
I',, (b —c¢), and also to investigate the decays of charged B
mesons into a 7v, pair. It is also important to make an inde-
pendent determination of all the elements of the mixing ma-
trix, since this may give evidence for the existence of addi-
tional quark generations.

The authors are grateful to A. A. Ansel’m, M. B. Volo-
shin, M. 1. Vysotskii, M. V. Danilov, D. I. D’yakonov, and
L. B. Okun’ for helpful discussions.

""The necessary information about the theory of the electroweak interac-
tions, which we assume is known to the reader, is contained in the book
of Ref. 3. Useful information concerning quark mixing can be found in
the reviews of Refs. 4-7.

?The problem of quark mixing and problems related to it are of vital
importance at the present time, and the literature devoted to them is
exceptionally extensive. Without aiming to give an exhaustive list of
references, we quote in the references only a number of reviews and basic
papers of which we have made direct use.

YThe authors are grateful to A. D. Dolgov and M. Yu. Khlopov for a
discussion of this class of problems.

YA recent direct analysis of the lepton spectrum in the semileptonic de-
cays of B mesons reduced considerably the uncertainties in the value of
z. [z, (m,/5GeV)® =0.39 + 0.025 (Ref. 31)] in the framework of the
model of Ref. 29. However, the actual accuracy is evidently not so high,
owing to the corrections to the model itself.

¥We use the convention C|K°) = |K°), and therefore CP|K°(p)
= — |K°( — p)). This determines certain differences between our for-
mulas and those of Refs. 3 and 5.

®According to communications from CERN,* the UAI group at the SppS
collider found the t quark with mass m, = 40 + 10 GeV.

""This fact is analogous to the well-known statement from quantum me-
chanics that the second-order correction to the energy of the ground
state is negative.

¥The dipole moment of the neutron in the Kobayashi-Maskawa model is
also extremely small—D, ~ 10" ¢ . cm.”*"

“To avoid misunderstandings, we emphasize that in this subsection the
“imaginary part” will refer to the CP-odd part of the amplitude, and not
the absorptive part, as in the preceding subsection, in which we neglect-
ed the violation of CP invariance.
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