
B-Meson oscillations
A. I. Golutvin, M. V. Danilov, and Yu. M. Zaitsev

Institute ofTheoretical and Experimental Physics, Moscow
Usp. Fiz. Nauk 157, 369-388 (March 1989)

A review is given of experimental data on B° B° oscillations. Basic theoretical concepts are
discussed and an analogy with K° K° oscillations is noted. A detailed analysis is given of
experimental searchesfor B° B° oscillations with particular attention devoted to the ARGUS
data, which reveal B°B° mixing with/-=r(B°^B0^X')/T(B°-*X) =0.21 ±0.08. The
consequences of large B° B° mixing are examined and future studies of the properties of the b
quark are discussed.

I. INTRODUCTION

The last few years have been singularly successful in
relation to studies of particles containing b quarks. The dis-
covery of B-meson oscillations in the UA1' and ARGUS2

experiments has attracted particular interest. Particle oscil-
lations are defined as transitions of particles into antiparti-
cles. This interesting quantum-mechanical effect has long
been known in the case of neutral kaons. Thus, K° and K°
mesons differ from one another by having opposite strange-
ness, which is not a strictly conserved quantum number for
weak interactions, so that transitions between K° and K° are
possible. Mixing of the two states in vacuum leads to split-
ting into K^ and K2, which have definite masses and widths.
The K° and K° mesons are linear combinations of K, and
K2:

1/2
K0^-1.. (Kr

1/2 V '
-K,

In the modern theory of weak interactions, which is
commonly referred to as the standard model (SM), transi-
tions involving a change of flavor by two units occur in the
second order in the weak interaction. It follows that oscilla-
tions of neutral mesons constitute a sensitive instrument that
could be used to search for new phenomena. For example,
Glashow, Iliopoulos, and Maiani (GIM) showed that a
small mass difference between K, and K2 due to K° K° mix-
ing could be naturally explained by a model involving four
quark types,3 i.e., studies of neutral kaon oscillations have
provided one of the basic arguments in favor of the existence
of a new charmed c quark well before the discovery in 1974
of the J /\l> particle, i.e., the cc bound state of quarks. Still
greater hopes are invested in oscillations of mesons contain-
ing heavy quarks.

The Y(4S) resonance, which decays to the B B meson
pair, i.e., particles with bare charm, was discovered in 1980
in the electron-positron storage ring (CESR) at Cornell
University in the USA. It is the heaviest of known mesons
that undergo weak decays1The mass of the charged B+ me-
son" (quark composition bu) is 5278.7 ± 0.1 ± 2.0MeV/c2

and the mass of the neutral B^ (bd) meson is
5280.7 ± 6.0 ± 2.0MeV/c2 (Ref. 4), where the first indicat-
ed uncertainty is statistical and the second systematic. The
B°(bs) meson should be heavier still. Studies of B mesons
provide information on the properties of the charmed b
quark, i.e., the first and, so far, the only experimentally dis-
covered representative of third generation quarks.

Figure 1 shows diagrams describing the B-meson oscil-

lations. According to the GIM mechanism, diagrams in-
volving the exchange of the heaviest t quark play the domi-
nant role. However, it must not be forgotten that other,
hypothetical, particles may contribute to the B° oscillations
in addition to the t quark. Since, at present, we do not have a
clear understanding of the nature of the different genera-
tions of leptons and quarks, the oscillations of charmed me-
sons are sensitive to the manifestations of new physics, such
as the possible existence of fourth-generation fermions,
right-handed W bosons, supersymmetric particles, and
charged Higgs bosons (see, for example, Refs. 5 and 6). Fig-
ure 2 shows examples of the corresponding diagrams.

Apart from the search for new particles, another impor-
tant task for B-meson research is the determination of the
standard model parameters. It is well-known that the quark
sector of the standard model involves ten adjustable param-
eters, namely, six quark masses, three mixing angles 0^
between quarks belonging to different generations, and the
phase S that describe CP invariance violation in weak inter-
actions. Mixing of quarks arises because the weak-interac-
tion eigenstates are not identical with the eigenstates of the
mass matrix. In the standard model, the connection between
these states is determined by the Kobayashi-Maskawa ma-
trix.7 There are different parametrizations of the Kobayashi-
Maskawa matrix. We shall use the approximate parameteri-
zation
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where

= sin Ot , cos 1 .

The experimental determination of these and other ad-
justable parameters of the standard model is important as a
means of confirming (or otherwise) the validity of this mod-
el, and thus pointing toward a new and more complete theo-
ry-

Five parameters, i.e., the masses of the u, d, s, and c
quarks and the Cabbibo angle #,2, are determined by study-
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FIG. 1. Diagrams for the B°B° oscillations in the standard model.
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FIG. 2. Examples of diagrams defining the possible contribution of new
particles to B"B° oscillations. Fourth generation quarks (a), right-handed
W bosons (b), supersymmetric particles (c), and charged Higgs bosons
(d).

ing the first two generations of quarks. In principle, the re-
maining five parameters can be obtained by investigating the
properties of the B mesons. The mass of the b quark is equal
to the mass of the B meson to within a few hundred MeV.
The matrix elements Vub and Fcb are found experimentally
as a result of studies of B-meson decays and lifetime.

Despite intensified searches for it, the t quark has not as
yet been found. We have already noted that BB oscillations,
whose frequency is proportional to m2,, provide us with a
unique possibility of exploring the influence of the tjquark
well away from its production threshold. The B° Bj and
B° B° oscillations depend not only on mt, but also on Ftd

and Fts. The requirement of unitarity imposes additional
restrictions on these elements of the Kobayashi-Maskawa
matrix (see, for example, Ref. 9). One hopes that further
improvement in the precision of the matrix elements will
result in reliable determinations of the phase responsible for
CP invariance violation and £f all the mixing angles.

Experimentally, the B° B° oscillations are particularly
well-defined in the evolution of the B° B° system in time. The
probability that the B° meson remains in this state or trans-
forms to the antiparticle can be defined_by analogy with the
corresponding probabilities for K° and K° (see, for example,
Ref. 10):

K) (*) = -i- (e-r'( + e-r.< + 2e~r' cos AM*),

»(*) = -!- (e-iv + e-r,< _ 2e-r( cos AM*),
(2)

where M,, M2, T i, T2 are the masses and widths of the eigen-
staes B, and B2 with opposite CP parities, which are pro-
duced as a result of mixing: T = (1^ + T2)/2 and
AM = M, — M2. The functions of ca(t) and <y( f ) are shown
in Fig. 3 for two values of the parameter AM /T.

Unfortunately, because of the short lifetime of the B°
mesons, differential properties such as those defined by (2)
cannot at present be measured. Modern experiments are sen-
sitive only to the integrated quantities

- - •

The B and B mesons are identified by examining their decays
to final states X and X', some of which may not be common
to B and B. _

The B° B° oscillations are usually characterized by the
parameter"

W T (B° -)-¥'> ->-X')

i.e., the probability of finding B° when the initial particle is
the B° meson. Of course, searches for the B° B° oscillations
must make use of decays that are different for B° and B°.

Hence we readily obtain

where* = AM/7and y = AF/2F. For K° K° oscillations,
x~y~\, so that ^ssO.5^ which corresponds to complete
mixing. Since, for the B^B^ system, the ratio AIY2r should
not exceed a few percent,12'13 we find that, for large B° B°
mixing,

(3)

Another oscillation parameter that is often found in the liter-

(4)• X) i-x

The magnitude of B° B° mixing is not simple to estimate even
in the standard model, and especially for the B^ mesons. At
one time, there were indications that the relatively light t
quark (m, =:40 GeV/c2) might exist,15 so that, in most theo-
retical papers, the parameter^ was expected to be 0.1-1 %
for the Bj Bjj oscillations.16 However, experiments have
shown that this was not so, and that2 x* = 0.17 + 0.05. In
the following sections,_we shall discuss searches for, and the
discovery of, the B^B° oscillations (Sec. 2), the conse-
quences of large B^ B° mixing (Sec. 3), and possible future
studies of the b quark (Sec. 4).

FIG. 3. The probabilities w ( t ) andw(t) for two values of the
mixing parameter x = AAf /F (Ref. 32). The dashed curves
show the exponential decay of B° and B" mesons. The shaded
region corresponds to the probability of finding B" in the B"
state at the point of decay, and the cross-hatched region rep-
resents the corresponding probability for the B" state.
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2. THE SEARCH FOR AND THE DISCOVERY OF B-MESON
OSCILLATIONS

At present, B mesons are being studied mostly in elec-
tron-positron and proton-antiproton storage rings. There is
a fundamental distinction between experiments at high ener-
gies and those near the threshold for BB pair production,
especially in the region of the F(4S) resonances.

2.1 Experiments at high energies

The Bd and B ± mesons, as well as the B" mesons, are
produced at high energies. As a rule, they are accompanied
by a large number of light particles. The short lifetime of the
B mesons has meant that their decay vertices have not yet
been determined. Since the mean multiplicity of particles in
the decay of the B mesons themselves is relatively high
( ~ 8), it is clear that it will be exceedingly difficult to recon-
struct the complete picture of an event of this type. Indirect
methods are therefore being used in searches for the B° B°
oscillations at high^nergies. They rely on the fact that the
decay of the b and b quarks is accompanied by the appear-
ance of negative and positive leptons, respectively (Fig. 4).
Since the b and b quarks are produced in pairs, leptons from
their decays should have different signs. On the other hand,
events involving leptons of the same sign arise when the B°
meson transforms into the B° (or vice versa) as a result of
oscillations.

In high energy experiments, the mixing parameter is
determined by both Bd and B" oscillations:

'X) (5)

where /d and /s are fractions of Bd and B° mesons in the
fragmentation of the b quark, Brd andBrs are relative proba-
bilities of the semileptonic decay of Bd and B°, and

(Br> = S /iBr,
i

is the mean relative probability of semileptonic decay of all
the charmed particles.

Most of these parameters have not as yet been mea-
sured. A number of different assumptions must therefore be
employed to obtain information on %d and _^s.

(1) The MARK II group has carried out a search for
lepton pairs of the same sign, using the electron-positron
storage ring PEP at 29 GeV in the center of mass system.17

High-energy events have a well-defined double structure.
The decay of the heavy B meson is accompanied by the ap-
pearance of leptons with high transverse momenta />, rela-
tive to the event axis, whereas leptons from B mesons should
be in different jets. On the other hand, decays of charmed
primary particles should lead to lower transverse momenta.
Events enriched with b or c quark decays are therefore iden-

tified by considering two kinematic regions, namely, those
with transverse lepton momenta pt > 1 GeV/c and those
with />, < 1 GeV/c. The expected number of leptons from b
and c decays in these two regions, and also the number of
background effects, were determined by the Monte Carlo
method. Allowance was made in these calculations for lep-
tons from the primary b quark, the primary c quark, the
secondary c quark in the decay chain b -> c -» /, the decay of
ordinary hadrons, and also the background due to particle
identification errors.

In noncoherent B-meson production, the numbers of
pairs of leptons of the same (N+ + + N_ _ ) and different
(N+ — ) sign are given in terms of the mixing parameter (%}
as follows:

= 2

The recorded number of pairs of leptons of the same sign
N+ + + N_ _ = 9 ) was found to be in agreement with the
calculated number of background events Nb = 12.6 + 3.2
(in the region enriched with b-quark decays, there were four
events corresponding to Nb =2.5 + 0.7, which are included
in this figure). This resulted in the upper limit (%) <0. 12 at
the 90% confidence level.

As noted above, the probability of production of B° and
B° mesons in jets containing the b quark has to be known
before information on the parameters x& and X* can be ex-
tracted. These paramters are still unknown, and there are no
reliable theoretical predictions for them. If we consider that
the relative probabilities of semileptonic decays of all the
charmed particle are the same, and assume, as in Ref. 18,
that the creation of baryons with a b quark amounts to 10%,
whereas the yields of B° , B ± , and B" are in the ratio 1 : 1 :0.4,
the MARK II results can be written in the form
0.375-^d +0.15-^s <0.12 (at the 90% confidence level).

(2) An original method of establishing the upper limit
for the mixing of the B° and B° mesons was employed by the
JADE group in an experiment19 performed on the PETRA
electron-positron storage ring at 34.6 GeV in the center of
mass system. Electron-positron annihilation is accompanied
in the continuum by a charge-asymmetric angular distribu-
tion of primary leptons and quarks, due to interference
between diagrams with photon and Z°-boson exchange. This
asymmetry has been reliably confirmed by experiment.20

The B° B° mixing should lead to a reduction in the asymme-
try in b-quark production as compared with the standard-
model prediction (A SM ) . The mixing parameter is related to
the mesured asymmetry A as follows:

FIG. 4. Diagrams showing the semileptonic decay of B° and B° mesons.
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It is important to note that, when the asymmetry in the pro-
duction of b quarks is measured, only one lepton need be
recorded (and not two, as in the previous method).

The JADE group identified B mesons by using kinemat-
ic parameters such as the invariant jet mass, transverse
muon momentum, and missing transverse momentum, and
found that the asymmetry in the b-quark production was
A = ( — 22J5 + 6.0 ± 2.5%). Standard-model calculations,
without B° B° mixing, predict^ SM = - 25.2%. The differ-
ence between A and ^4 SM corresponds to (x) = 0.05 + 0.13.

(3) The first evidence for B° B° oscillations was ob-
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tained in UA1 experiments on the proton-anitproton col-
lider at CERN1 at 546 and 630_GeV in the center-of-mass
system. The search for the B° B° oscillations was made by
selecting events with two muons, in which both muon mo-
menta at right angles to the beam axes werepT > 3 GeV/c. A
total of 512 such dimuon events with invariant mass m^ > 6
GeV/c2 was found. Events from Z° -^fi +fj, ~ decays were ex-
cluded.

In high-energy hadron collisions, the natural back-
ground process is the production of dimuon pairs by Drell-
Yan mechanism via the virtual photon.2' The decay of the T
resonance into the/u +/u~ pair is also found to produce such
isolated muons. All events were therefore divided into two
groups, namely, those with two isolated muons and those in
which at least one of the muons had a hadronic accompani-
ment. The first group was found to contain 98 events with
muons of different sign and 15 events with muons of the
same sign. The second group contained 257 and 142 events,
respectively. Events with muons selected in this way were
used to normalize the background due to the Drell-Yan pro-
cess and the decays of Y resonances. The background due to
the erroneous identification of hadrons as muons was
132 + 21 events, of which 8 corresponded to muons with
different sign and a further 8 to muons of the same sign. The
corresponding numbers for the second group were 58 and
58.

The result obtained after subtracting background
events was

_JV(B°B")+JV(B°B'')

R = • 0.42 ± 0.07 ± 0.03.

where the first uncertainty is statistical and the second sys-
tematic. The background value of this ratio in the absence of
B° B° mixing was obtained by the Monte Carlo method, us-
ing different theoretical models of bb and cc quark-pair pro-
duction and quark fragmentation into ordinary hadrons.
The calculated background without mixing,
R = 0.26 + 0.03, was found to be less than the measured
ratio, suggesting that there was an excess of events with di-
muons of the same sign. This excess corresponds to
(%) = 0.121 ± 0.047. The statistical significance of the ef-
fect corresponds to 2.9 standard deviations. The authors of
these calculations assumed that Bj B° jnixing was very
small, and interpreted their results as B° B° mixing.

(4) The MARK group has recently presented an analy-
sis of dimuon events in electron-positron annihilation22 for
sil2 = 29 GeV. They recorded five events with two muons of
the same sign, and seven events with two muons of opposite
sign. The background determined by the Monte Carlo meth-
od was 1.9 + 0.8 and 8.6 + 1.5 events, respectively. The ex-
cess of dimuons of the same sign was interpreted as the result
of B-meson oscillations. The mixing parameter was found to
be (x) =0.21 + 0.1?, which gives a lower limit of (x) > 0.02
at the 90% confidence level.22

2.2 Experiments near the threshold61

The mixing parameter is determined in a different way
in experiments involving searches for B° B° oscillations in
the region of the Y(4S) resonance. Thus, it may be consid-
ered that Y (4S) decays exclusively into B+B ~ or B^ B°a me-
son pairs.22 The P-wave mixing parameter for the propaga-
tion of the BB pair is9-"-23

which, for events with lepton pairs, is equivalent to
(N

The parameter A. in this expression represents the contribu-
tion of semileptonic decays of charged B mesons to events
with dileptons of different sign:

where /+ ( /°) are the relative probabilities of the decay of
7(4S) into a pair of charged (neutral) B mesons, and
Br + (Br0) are the relative probabilities of semileptonic de-
cays of charged (neutral) B mesons. The difference between
Br+ and Br0 is not expected to exceed a few percent.13 The
B+ mesons are not much lighter than the B°: it is therefore
usually assumed that, because of the large phase volume,/+/
/0=: 1.2 - 1.4 (Refs. 2 and 25).

A search for the B° B° oscillations in the region of the
y(4S) resonance was performed in the CLEO and ARGUS
experiments.

( 1 ) The CLEO experiment, performed on the Cornell
electron-positron storage ring, established an upper limit for
the BS B°d oscillations.25 After the subtraction of the back-
ground, there were 5.1 + 5.9 events with leptons of the same
sign and 117.0 + 11.9 events with leptons of different sign.
Assuming that A = 1.44, the following upper limit was ob-
tained for the mixing parameter at the 90% confidence level:
/•<26%. When this was combined with previously pub-
lished data,26 the limit was found to be r < 24% at the 90%
confidence level. It is important to note that the mixing pa-
rameter r was calculated from the formula

=

where, in contrast to (6), the contribution of semileptonic
decays of charged B mesons was not fully taken into account.
This must be remembered when the results are compared.

(2) In 1987, the ARGUS group reported the discovery
of a large BjJ B° mixing.2 This result was very unexpected
because there was a large number of publications16 in which
Bjj Bj mixing was predicted at the level XA ~ 10~3~10~2.

The experiment was carried out on the DORIS II elec-
tron-positron ring at DES Y. The result was obtained by ana-
lyzing 88 OOOdecays of the 7(4S) resonance.

The Bj Bj mixing was detected in three different ways.
The first, and most direct, method was to search for com-
pletely_reconstructed events from 7(4S) decays into B° B°
or B° Bj pairs. Unfortunately, this requires much better sta-
tistics than the direct methods discussed above. The B me-
sons were reconstructed from decays to final states contain-
ing D*~ mesons, as follows:

or

_>D*-Z+v (Z+ = e+, |i+).

The D*~ were reconstructed using the decay chains
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FIG. 5. Reconstructed Y (4S)2
the ARGUS experiment.2

3B2, decay recorded in

K+jr,

Although the Bj -> D + ~ / + v decay, has the neutrino as
a decay product, it can be partially reconstructed as follows.
The Y(4S) mesons are created practically at rest in the case
of the B° resonance. Hence, the square of the mixing mass in
theD*~/ + system,

Mf, = [(£„- (£D*- + E^f- (pD.- + p,+)»,

must be close to zero (E0 is the beam energy), and this was
confirmed experimentally.2'37

The decay

was found among the reconstructed events. It can occur only
as a result of B° B° oscillations. The event is illustrated in
Fig. 5. The two B£ mesons (B° and Bf ) decay along the
following chains:

Both D* mesons have K+ mesons among their decay prod-
ucts. They are unambiguously identified by measuring the

ionization loss in the drift chamber and the time of flight.
Both positively-charged muons have small momenta in the
event, and the ionization losses and times of flight are in
agreement with the muon hypothesis. One of the muons, f i , ,
was recorded in the muon chambers. Although the second
muon missed the region covered by the muon chambers, the
kinematics of the event uniquely indicates that the B° also
underwent a semileptonic decay. Monte Carlo calculations
were carried out to estimate the background. Among the
22 000 B° Bj pairs in which one of the B° muons was recon-
structed in one of the above channels, and the multiplicity of
the remaining charged and neutral particles was the same as
in the recorded event, there was not one possible candidate
simulating the B° B^ and B° B^ pairs. The probability that
this event was due to the background is therefore negligible.
The discovery^ of the T(4S) ->BjBj decay suggests a large
mixing of B° B° mesons, since, even for r = 0.2, the expected
number of reconstructed events is 0.3.

The second method was based on the standard proce-
dure used in searches for pairs of dileptons of the same sign.
A total of 50 events with leptons of the same sign and 270
events with leptons of different sign, in which both leptons
had momentap > 1.4 GeV/c, was recorded. The background
due to incorrectly identified hadrons, the J/^ -»/ + / ~ decays,
and the asymmetric conversion of gamma rays was estimat-
ed from the experimental data, and only the contribution
due to secondary D-meson decays was obtained by the
Monte Carlo method. After all the backgrounds were sub-
tracted, the remaining events with leptons of the same sign
amounted to 24.8 + 7.6 ± 3.8. A background fluctuation of
this magnitude is statistically equivalent to four standard
deviations of the signal. The number of events with leptons
of different sign (after subtraction of the background) was
found to be 270.3 + 19.0 + 5.0. The mixing parameter for
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Bd and Bj, obtained from (6) using the theoretical value
A = 1.2, was r = 0.22 + 0.09 + 0.04.

In the third method of analysis, which was a combina-
tion of the first two, one of the B d mesons, reconstructed by
the above procedure, was examined together with a fast
(p> 1.4 GeV/c) lepton. This method is less sensitive to ha-
dron identification errors than the last method. Moreover,
the influence of charged B mesons is elliminated. Five candi-
dates for events with B d meson mixing and 23 candidates
without mixing were found. The background was 0.9 + 0.3
and 2.2 +1.1 events, respectively. This gives the following
mixing parameter:

There was partial overlap between events found by the sec-
ond and third methods. Among them, there were two events
with leptons of the same sign and eleven events with leptons
of different sign. When this correlation was taken into ac-
count, the final results was found to be rd = 0.2 1 + 0.08 (for
/I = 1.2). This corresponds to [see (3) and (4) ]

Xd = 0.17±0.05 and x& = 0.730:

Figure 6 compares the results obtained in the above ex-
periments. The CLEO data were recalculated using (6) and
are now given for A. = 1.2. This had practically no effect on
the published result. The Bd Bd mixing found by the AR-
GUS group sets a lower limit for this parameter. Thus,
0-08 <Xd <0.19 at the 90% confidence level. When the un-
certainties in Bd meson production are taken into account,
the high-energy experiments do not lead to an improvement
in these limits. The parameter ^ s has not as yet been deter-
mined i.e., the B° B° mixing is uncertain.

3. CONSEQUENCES OF LARGE B° BJJ MIXING

In the standard model, the mixing parameter
xd = AA/YF increases rapidly with increasing mass of the t
quark and the matrix
Maskawa matrix ( 1 ) :

element Fid of the Kobayashi-

mil ( 7 )

where rB is the lifetime of the B meson, rjQCD ~ 0.8 5 in the
QCD correction, I2BB and/B are constants that parametrize
the matrix element of the transition of B° to B°, and

SW-1, 4 (1-y)2 2 (I-!,)3

is a slowly-varying decreasing function that takes into ac-
count the effect of the W-boson propagator28'29: £(0) = 1,
£(!)= 3/4; £<«,) = 1/4.

The annihilation constant /B is similar to the well-
known constant/^ that determines the TT+ -»/z+v decay:

The constant B B calibrates the matrix element for the transi-
tion of B° to B°

<BS|dV(1 (1 + Y«) fcdYn (1 + Ts) &|Ea> =-f /!#B^B.

When this matrix element is evaluated, it is usually assumed
that the analysis can be confined to the intermediate vacuum
state, which corresponds to B B = 1. All the parameters in
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FIG. 6. Experiments on B°B° oscillations. Dashed lines—central values,
dash-dot and solid lines—1 and 2 standard deviations, respectively;
shaded region—forbidden at the 95% confidence level. It was assumed for
the high-energy experiments that (%) = 0.375 Xi + 0.15 ̂ s.

(7) except for mt and Ftd are either known or can be calcu-
lated.

Unfortunately, there is a considerable spread in the pre-
dicted values of the product BB f\. A discussion of the un-
certainties in J3B can be found in the review literature.30'31

We note that recent calculations32 using the QCD sum rule
gave -BB =0.9-1. The estimates for/B run from 50 MeV
(Ref. 33) to 300 MeV (Ref. 34). Predictions giving/B > 200
MeV begin to run into conflict with experimental data. The
upper limit for the relative D+ ->/z+v decay probability, es-
tablished by the MARK III group, leads to the following
limit for the annihilation constant of the D+ meson:
/D < 290 MeV at the 90% confidence level.35 Since the anni-
hilation constant should decrease with increasing meson
mass,'

J B . T
/D \

\ 2 / 9

as (mb)
(8)

it follows from the above limit for/D that/B S 200 MeV. A
detailed analysis of the theoretical situation, reported by
Shifman,31 shows that the most reliable calculations are
those given in Refs. 39 and 40, which use the QCD sum rules.
They predict/B = 100-130 MeV.

Since Kid depends on 013 and the CP-odd phase 8, the
measurement of XA leads to a relationship between three as
yet unknown SM parameters of the quark sector, namely,
m,, 0,3, and <5. The quantity £K that characterizes CP viola-
tion in kaon decays depends on the same parameters. The
complete expression for EK can be found, for example, in
Ref. 29. It is usually considered31 that the B K -analog of B B
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FIG. 7. The mass of the t quark as a function of (j,3/s,3)2 for two values of
XA-

"lib

lies in the range 1/3 <BK < 1 and is definitely closer to its
upper limit. The experimental result is41

|£K| = (2.27 +0.02)-10-3.
Thus, if we know XA and£K we can find the relationship

between any parameters among the three unknown SM pa-
rameters of the quark sector. Figure 7 shows mt as a function
of (s,3/s23)

2. It was obtained by Ural'tsev and Khoze42 for
XA = 0.73 and xd =0.5 is close to the experimental lower
limit2 xd > 0.44 at the 90% confidence level. Uncertainties
in the parameters in (7) lead to an uncertainty in xb. Of
course, there are also considerable uncertainties in the theo-
retical predictions for £K. However, when the ratio st3/s23 is
not too small, sin S is found to be small, and the uncertainty
in the parameters that determine £K have little effect on the
mass of the t quark. A change in £K by a factor as large as 2 is
then found to produce a change in m, by only a few GeV/c2

(Ref. 42).
The upper limit found in Ref. 4 for the ratio s,3/

*23= I K* |/| Fcb I is I Fub |/| Vcb | < 0.2 at the 90% confidence
level.21 This follows from an analysis of the momentum spec-
trum of leptons from the semileptonic decays of B mesons. It
can be deduced if we know the shape of the lepton spectrum
for the b-»w/v and b^clv transitions (Fig. 8). There are no
reliable theoretical predictions, and calculations have to rely
on models. Different models lead to different limits for

I Pub I/I Kb • It is therefore common to use the nonrelativis-
tic model of Grinstein et al.43 which gives the least stringent
limit.

A more reliable limit for | Fub |/| F^ [ follows from mea-
surements of the yield of charmed particles in B-meson de-
cays. On average, each B meson decay produces about one c
quark.4 Consequently, the b — c transition (see Figs. 8b, d,
and f) is the dominant one. However, since charmed parti-
cles are also created in the b->u transition (see Fig. 8e), the
limit is found44 to be relatively weak: | Fu, IK* I < 0.5 at the
90% confidence level. Despite the theoretical uncertainties,
the upper limit commonly employed is |Fub|/ |Kcb| <0.2,
which follows from the analysis of leptonic spectra. Once we
know the upper limit for sl3/s23 and the dependence of/n, on
this ratio (see Fig. 7), we can calculate the lower limit for the
mass of the t quark. This mass is largely determined by xd.
The result is improved by a few GeV/c2 when data on EK are
employed.45'46 Most papers devoted to the analysis of the
consequences of large Bj B° mixing,5'42-45"50 based on differ-
ent assumptions about existing uncertainties, suggest that
the minimum t-quark mass is approximately 45-60 GeV/c2,
and that the most "natural" value of this mass that corre-
sponds to central values of the parameters/B, xd, and sl3/s23

e f

FIG. 8. Diagrams for Cabbibo-allowed b — u and b -. c transitions.

lies in the region of 100 GeV/c2. On the other hand, analyses
of the radiative corrections used in the determination of
sin2 <9W lead to the upper limit51 mt < 180 GeV/c2.

Unfortunately, it is hardly possible to assign a confi-
dence level to the lower limit on the t-quark mass because it
is subject to both experimental and very significant theoreti-
cal uncertainties. When a very large BB f\ is employed (for
example, 0.06 GeV2), the limit on m, can be reduced to 25
GeV/c2 (Ref. 52). This figure was obtained as a result of
direct searches for the t quark in the TRISTAN electron-
positron ring.53 This large value of SB /| is, of course, in
conflict not only with most theoretical estimates, but also
with the limit on/B that follows from the experimental limit
on/D, and seems very reliable.

One further argument in favor of a large t-quark mass
has recently been advanced by the U A1 group54 which has
reported that m{ > 44 GeV/c2. On the other hand, this result
is based on a number of assumptions that might be regarded
as doubtful.52

From now on, we shall adopt the generally held view
that the observed large B0, B0, mixing can be explained in
terms of the standard model with three generations of
quarks, but only if the t-quark mass exceeds 45-50 GeV/c2

and the most probable value of m, lies in the region of 100
GeV/c2. This large mass ensures that all the experimental
data that are sensitive to it are satisfactorily described.

Apart from the lower limit on the t-quark mass, the
large B£ B° mixing leads to a whole series of consequences
within the standard model. One of the most interesting is the
prediction of large B° B° mixing. Although, as noted above,
there are considerable uncertainties in the calculated prod-
uct BB /|, the ratio of these factors for B° and B^ should be
close to unity.3' Their lifetimes should not differ by more
than 10% (Refs. 12 and 13). Hence, using (7), we obtain
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(9)

In the parametrization of the Kobayashi-Maskawa matrix
(1) that we have chosen, we have

• • (10)
I I'M I " | St2S23—S

This expression has a maximum for 8 = 180° (actually, S
cannot be exactly equal to 180°, since then ek =0). Hence

*s ^ l a
? '

(11)
where we have used the limit sl2/s23 < 0.2 to obtain the sec-
ond inequality (even when the conservative estimate sl2/
s23 < 0.5 is employed, xs is found to be greater than xd by a
factor of 2). Since xd >0.44 at the 90% confidence level,2

B° B° mixing is expected to be largely independent of the
mass of the t quark, i.e., xs > 2.5. This conclusion remains in
force for most simple extensions of the standard model,5 e.g.,
supersymmetric models, models with several Higgs doub-
lets, and minimal left-right symmetric models. However, the
relationship between xa and xs can, of course, be quite dif-
ferent if there is a fourth generation of quarks.3'6'50'56 Un-
doubtedly, the verification of (9) and (11) is one of the most
critical tests of modern theoretical ideas.

Figure 9 shows the boundary that follows from inequal-
ity (11) and from the restrictions on mixing parameters xd

and xs obtained in the UA1, MARK II, CLEO, and AR-
GUS experiments (Refs. 1,17,25, and 2, respectively). Con-
dition (11) and the results of the ARGUS and CLEO groups
define the small region of possible values of xd and xs shown
shaded in the figure. The upper limit provided by the
MARK II group could reduce the width of the allowed re-
gions still further if we knew how frequently the B° and B°
mesons are created in electron-positron annihilation for
s1'2 = 29 GeV. However, the B° and B°d yields are difficult to
predict reliably, especially in view of the fact that most of
them arise, as in the case of charmed particles,57'58 from the
excited states of bs (for_example,_P-levels) which can decay4'
to B°mr rather than B^K and B°*K (Ref. 59). It is clear
from Fig. 9 that ^s turns out to be close to its maximum
value in the allowed range.

0,5

OA

0.3

0.2

0.1

MARKI

CLEO

CM I
I

- UA1

ARGUS

0.5

FIG. 9. Limits for the mixing parameters ̂ d and ̂ s at the 95% confi-
dence level. Dashed curve shows limits that follow from the standard
model. The range of parameter values allowed in the standard model is
shown shaded.

Although the B° B° mixing is predicted to be large, its
detection is not a simple matter. When lepton pairs are inves-
tigated, the B° B° mixing effect will have to be selected
against the background of a large B^ signal. Even the detec-
tion of correlations between leptons and strange particles
will not unambiguously confirm that leptons from B° decays
are present, because of_the possible decay of the excited
states of bs to E°a K and B J°K. At the same time, the recon-
struction of a sufficient number of exclusive B° decays will
hardly be possible in the near future.

The determination of the precise value of xs will be an
even more difficult task because the integrated parameters
become insensitive to the magnitude of x in the case of large
mixing. For example, as x is varied from 5 to 25, the quantity
X changes from 0.48 to 0.499. This is readily understood,
since large A: = AM /T signifies that the B meson has execut-
ed many oscillations before decay, and has "forgotten"
whether it was initially a particle or an antiparticle, i.e., we
have complete mixing (j ̂ 0.5). As in the case of kaons, the
time dependence of oscillations has to be investigated before
xs can be determined^Figure 3 shows the time dependence of
the number of B and B mesons during the decay of tagged B°
mesons (AAf /T = 0.73) and B° mesons for which we have
used the typical prediction AAf /T = 10. A reliable recon-
struction of secondary vertices in B-meson decays, which is
essential for the investigation of the time dependence of the
oscillations, should lead to a radical change in studies of the
properties of both B° and B0, mesons. In this respect, the new
proton accelerators, namely, the TEVATRON, UNK, and
SSC, in which the B-meson range will reach some tens of
centimeters, are particularly promising. A detailed discus-
sion of this question can be found in the literature.6'50'61

For a large t-quark mass, the predicted relative probabi-
lities of many rare decays will become accessible to experi-
mental verification in the near future. The relative probabili-
ty of the K+-»ir+vv decay (Fig. lOa) is now predicted to be
more than 10"10 (Refs. 42 and 46). It is very dependent of
the t-quark mass and is proportional to the number of types
of neutrino. The observation of this decay would serve as an
important verification of the standard model, and would im-
pose more stringent restrictions on the range of its parameter
values.

The predictions for the B —K*7 decay, in which the
photon is emitted as a result of the b->sy, transition (Fig.
lOb), are also close to existing experimental limits. It is ex-
pected62 that, for a t-quark mass in the region of 100 GeV/c2,
b-»S7, whereas the present upper limit is4 4.2X 10~4 at the
90% confidence level. Decays due to the b — sy transition are
very sensitive (like the K + — TT+\V decay) to new physics
outside the range of the standard model. For exampale, the
existence of the fourth generation of quarks could increase
or reduce the relative B -»K* 7 decay probability by an order
of magnitude.63 This means that searches for the above de-
cays will be even more interesting.

If the t-quark mass is found to be greater than M w, we
shall have to re-examine the methods used to search for new
phenomena in future accelerators because it will not be W+

that will decay into tb, but the t-quark into W+b. The prop-
erties of toponium will change radically if w, S 150 GeV/c2.
These questions are discussed in detail in Ref. 42. In the
standard model, the angles and phases of the Kobayashi-
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FIG. 10. Diagrams for the K*-TT+VV (a) and B°-K*V (b)
decays.

Maskawa matrix and the masses of the quarks are adjustable
parameters. This can hardly be regarded as satisfactory from
the theoretical point of view. Moreover, there are well
known simple phenomenological relationships which sug-
gest that there is a connection between the quark masses and
the angles in the Kobayashi-Maskawa matrix:

0 22 m < 1 / 2
= u. — 22.z

0.05 f^ w 0.06

.oi
mc

< o.oi (-^13 ̂  V rot

1/2

^ « 0.04, (12)

where the quark masses are taken from Ref. 64. Theoretical
attempts are therefore continuing, if not to fix the masses
and the angles, then at least to reproduce the relationship
between them. Special forms of the u and d quark mass ma-
trices with the number of parameters N< 10 (see Introduc-
tion) have been selected on the basis of different generaliza-
tions of the standard model, or simply phenomenologically.
After the diagonalization of mass matrices, this results in
10 — ̂ relationships between the parameters of the Kobaya-
shi-Maskawa matrix and the quark masses.

In the scheme proposed by Fritzsch,65

. = ode

i.e., there are eight parameters and therefore two relation-
ships between the measured quantities. In particular

1/2 (13)

In another scheme, due to Berezhianai and Chkareuli,66 the
assumption of horizontal symmetry is used to show that the
diagonal elements of the mass matrices for the u and d
quarks are proportional to one another. Among matrices of
this type, the best known are the mass matrices of Stech.67 In
this case,

mi, mt

There are also other models of mass matrices. It is read-
ily seen that (13) and, especially, (14) are not satisfied when
the t-quark mass is large. Careful analysis of all these rela-
tionships, performed by Harari and Nir47 and by Ellis et
a/.,45'46 has shown that the observed values of xd and ek are
not consistent with the above quark matrices (more precise-
ly, Harari and Nir, and also Albright et a/.68 assumed some-
what higher uncertainties and found narrow regions in

which the Fritzsch scheme was still in agreement with exper-
iment, but at the very limit of the possible parameter values).

Other variants of the above quark mass matrices,69 i.e.,
different versions of the schemes discussed above, are also in
good agreement with large XA .

We thus see that the observation of large B°A B0, mixing
imposes very stringent restrictions on the standard model
parameters and leads to new possibilities for its critical ver-
ification. If we find that B° B" mixing is small js < 2, or if a
relatively light t-quark is discovered, e.g., in the TRISTAN
electron-positron ring, an explanation will have to be sought
outside the framework of the standard model (provided, of
course, that the result of the ARGUS group will stand the
test of time).5'

Many of the new hypothetical particles can contribute
to B° B° mixing (see Fig. 2) and can modify the predictions
of the standard model. So far, their existence is not required
for the explanation of experimental data, and we shall not
discuss this very interesting problem here. A detailed pre-
sentation of the current state of the subject can be found, for
example, in Ref. 5.

4. CONCLUSION. PROSPECTS FOR INVESTIGATING THE b
QUARK

We have seen that b-quark physics involves a wide spec-
trum of questions, ranging from the basic parameters of the
standard model to the limits of validity of this model. There
is particular interest in searches for rare processes in which
the predictions of different models can be decisively verified.
A typical situation is that of a small CP in variance violation
in weak interactions for which there are new possibilities of
observationjn B-meson decays, following the confirmation
of large B° B° mixing. Although the first CP parity violation
was observed more than 20 years ago, the mechanism for this
phenomenon is still not understood. Until recently, all ex-
perimental data were in agreement with the conclusion that
neutral-kaon mixing was the only parameter of CP invar-
iance violation. However, evidence70 became available in
1987 that the parameter e'K, which describes CP violation
directly in kaon decays, is also different from zero:
£R/£K = (3.5 + 1.4) • 10~3. This is in good agreement with
standard model predictions in the case of large t-quark mass
(see, for example, Refs. 42, 45, and 46). Unfortunately, the
observation of CP noninvariant effects in kaon decays is dif-
ficult because the corresponding asymmetries are small.

Large B° B° mixing should lead in the standard model
to large CP violation directly in B-meson decays9'24'71 (CP
violating effects that arise only in B° B° mixing are very
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small72). In some decay channels, CP-odd asymmetries can
reach values of the order of 10% or more (see, for example,
Ref. 73). On the other hand, the relatively low probability of
these decays means that about 108 B B pairs are needed to
ensure that the effect will be recorded. A comparable num-
ber of B mesons will be produced in future accelerators. At
the same time, it must be remembered that, in experiments
near the T (4S) resonance, the integrated parameters can-
not be used because CP-odd effects vanish after integration
in P-wave B B pair production.24 Before the time-dependent
CP-odd asymmetries can be measured, we have to have data
on B-meson decay vertices. Asymmetric electron-positron
rings that combine the advantages of studying B mesons in
the region of the T (4S) resonance with the possibility of
reconstructing the vertices appear to be particularly promis-
ing from this point of view. At high energies, at which the B-
meson range is greater, it is realistic to consider detailed
experimental investigations of the angular distribution of B
and B° mesons.6'60 Studies of the time dependence of charm
oscillations (2) can lead to information on CP in variance
violation.

Intensive studies of B-meson physics are continuing in
the ARGOS and CLEO experiments. At the same time, at-
tempts are being made to increase the luminosity of the
DORIS II, CESR, and VEPP-4M storage rings. For exam-
ple, it is expected that the CESR luminosity will reach74

~2xl032 cm~2s~' . New experimental installations,
namely, CLEO II75 and KEDR76 are under development.
Moreover, b-quark physics is regarded as a promising com-
ponent of programs developed for practically all the high-
energy accelerators that are being built or are planned at
present (see, for example, Ref. 61). It is important to note,
however, that the number of B mesons created in SLC, LEP,
and HERA accelerators will be insufficient for studies of CP
invariance violation.

Interest in b-quark physics has led to numerous propos-
als for new-generation e+e"~ colliders, i.e., the so-called B-
meson factories working near the threshold and designed for
the investigation of B mesons. These projects can be divided
into three classes, namely, (a) symmetric, high-luminosity
e+e~ storage rings (~5X 1032-1033 cm"2 s~', Refs. 77 and
78), (b) high-luminosity linear colliders (~ 1033 cm~2 s~';
Refs. 79 and 80), and (c) asymmetric e+e~ storage rings
based on the principle that a moving system, e.g., the Y (4S)
meson, is created in collisions between electrons and posi-
trons of different energy. The B-meson decay vertices could
then be recorded, so that the complete picture of the event
would be reconstructed more effectively and B-meson oscil-
lations investigated along the time axis. The replacement of
the electron ring with a linear accelerator in this scheme
should then result in an increase in luminosity to 1034

cm ~ 2 s ~' of even higher.8! _
Estimates of the expected number of B B pairs pro-

duced in B-meson factories suggest that, after a few years of
operation, it will be possible to reach the level necessary for
the detection of CP invariance violation.

The diversity of physical problems and experimental
programs involved in the investigation of B mesons should
lead in the near future to new results in this very interesting
branch of physics.
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