
Abstract. Prospects for the observation of CP violation in B-
meson decays are briefly reviewed based on the talk given at the
Russian Academy of Sciences Presidium session of January 20,
1998.

1. Introduction

The difference between the properties of matter and anti-
matter is, apparently, one of the most intriguing puzzles of
nature. Most likely, without this difference the existence of
our civilization would be impossible, since the baryons and
antibaryons would all have had to annihilate at the early
stages of the development of the Universe and there would be
no matter left to form the Universe as we know it.

Lev Davidovich Landau contributed greatly to the
formulation of this problem: he introduced the concept of
combined inversion, i.e. combined mirror reflection and
substitution of all particles to their antiparticles [1, 2]. It is in
terms of combined inversion that the difference in the
properties of matter and antimatter is usually discussed
since, as Landau wrote [1], ``a Kÿ meson is a K� meson
reflected in a mirror.'

Studies in this area of research proceed in many direc-
tions. In the present paper we have concentrated on a very
promising direction: on the search for the difference in the
behavior of the so-called beauty particles and their anti-
particles. Large accelerators and detector are being built for
this purpose, and important results should soon emerge.

After briefly surveying the history of the problem, we
discuss the results used to predict the marked difference in the

properties of beauty and antibeauty particles. We also
compare the experiments that try to detect this difference.

Thanks to science-fiction writers, today everybody knows
what antimatter is. The development of the idea of anti-
matter, however, was excruciating. In 1928, P Dirac [3]
derived his equation for electrons. Besides having solutions
with positive energy, this equation had negative energy
solutions. Dirac suggested [4] interpreting these solutions as
protons. Such an interpretation was severely criticised, since
protons and electrons would annihilate and since their masses
differ so much. (Incidentally, R Oppenheimer and I E Tamm
contributed greatly to the understanding of these problems
[5].) Then, in 1931, Dirac introduced entirely new particles, an
antielectron and an antiproton, to solve the problem [6]. This
was indeed a revolutionary idea. To what extent it was
revolutionary can be judged by the reaction of the famous
physicist W Pauli. In 1932 he wrote [7]: ``This explanation is
unsatisfactory if only for the fact that the laws of nature in
such a theory are perfectly symmetric with respect to electrons
and antielectrons.'' And further: ``We therefore do not believe
that this approach can be seriously taken into account.'' In
the same year, C D Anderson discovered the antielectron [8],
and the belief that the Universe is charge symmetric, i.e. that
the laws of nature are symmetric with respect to matter and
antimatter, became universal. This symmetry is known as
charge-conjugation symmetry, or C invariance. Note that the
concept of charge-conjugation symmetry is not trivial, since
our Universe is highly asymmetric. No indications that the
Universe contains an appreciable amount of antimatter have
been found, although the search continues [9]. In 1956, on the
basis of an analysis of the experimental data on K-meson
decay, T D Lee and C N Yang [10] predicted mirror-
symmetry breaking, i.e. the breaking of left-right symmetry.
This symmetry is also called P invariance (P for parity). In the
same year, B L Ioffe, L BOkun andAPRudik [11] found that
the predicted way of parity violation would lead to violation
of C invariance as well. The same conclusion was drawn a
little later by T D Lee, R Oehme and C N Yang [12]. In 1957,
C SWu et al. observed parity violation [13], while R Garwin,
L M Lederman, M Weinrich [14], and J I Friedman and
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V L Telegdi [15] discovered charge-conjugation symmetry
breaking. Landau, who was extremely opposed to the
asymmetry of space with respect to mirror reflection,
proposed the hypothesis of invariance with respect to
combined inversion, which is now called CP invariance [1, 2].
Thus, the symmetry of matter and antimatter was reestab-
lished on a new level. As before, the crew of a hypothetical
space craft traveling from a distant star to the Earth had no
way of telling us whether they consisted of matter or
antimatter without passing on a piece of that matter. The
conservation of CP rather than P symmetry allowed Landau
[16, 2] to propose the theory of a two-component neutrino, in
which n and ~n differed in sign of spirality. Analogous ideas
were discussed by A Salam [17] and Lee and Yang [18]. Many
experiments corroborated the CP-invariance hypothesis.
However, there were researchers who doubted the validity of
this hypothesis (see, e.g., Ref. [19]) and urged experimenters
to continue the search for CP violation. In 1964, JHChristen-
son et al. [20] found a slight violation of CP invariance in
decays of K mesons. And in 1967, Andre|̄ Sakharov [21]
demonstrated that to explain the baryon asymmetry of the
Universe, i.e. the excess of matter in the Universe, there must
be CP violation. Thus, it was realized that CP violation plays
a fundamental role in the very fact of the existence of matter,
and hence the existence of our civilization. The works of
V A Kuz'min, V A Rubakov and M E Shaposhnikov [22, 23]
played an important part in developing these ideas. A review
of the current situation with an explanation of the baryon
asymmetry of the Universe may be found in Ref. [24].

2. Mechanism of CP violation

Todaywe know of three generations of fundamental fermions
(see Table 1). The first generation consists of the fermions of
which the matter surrounding us is built, while the particles of
the second and third generations (with exception of nm and nt)
are the heavier unstable particles, which eventually decay to
first-generation particles.

2.1 The Cabibbo ±Kobayashi ±Maskawa matrix
But why are three generations needed?No clear answer to this
question is known, but the probable reason for this multitude
of generations is so that antimatter can be distinguished from
matter. This distinction arises in a natural way if there are
three generations of quarks [25].

The coupling constants of quarks belonging to different
generations are described by what is known as the
Cabibbo ±Kobayashi ±Maskawa (CKM) matrix. For exam-
ple, the probability of a b quark becoming a c quark
depends on the matrix element Vcb, and the probability of
a b quark becoming an u quark depends on the matrix
element Vub. Altogether, in the case of three generations, the
CKM matrix has nine complex elements. It can be shown

that all depend solely on four parameters, three angles and
one phase:

VCKM �
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 !

�
c12c13 s12c13 s13 exp�ÿid�

ÿs12c23ÿ c12s23s13 exp id c12c23ÿ s12s23s13 exp�ÿid� s23c13
s12s23 ÿ c12c23s13 exp id ÿc12s23 ÿ s12c23s13 exp id c23c13

0@ 1A;
where cij � cos yij and sij � sin yij. In the modern theory, it is
this phase that is responsible for the difference of properties of
matter and antimatter. The parameters determining the
CKM matrix are the fundamental parameters of the modern
theory, which is usually called the Standard Model (SM).
They are not predicted by the theory and must be determined
from experiments.

Often, the CKM matrix is represented by Wolfenstein's
approximate parametrization scheme [26]:

VCKM�
1ÿ l2

2
l Al3�rÿ iZ�

ÿl 1ÿ l2

2
Al2

Al3�1ÿ rÿ iZ� ÿAl2 1

0BBBBB@

1CCCCCA�O�l4� :

Following Refs [27, 28], we use the relationships:

s12 � l ; s23 � Al2 ; s13 exp�ÿid� � Al3�rÿ iZ� ;

which yield

r � s13
s12s23

cos d ; Z � s13
s12s23

sin d :

There is an extremely useful geometrical relationship
between the elements of the CKM matrix. Since this matrix
is unitary, its columns must be orthogonal:

VudV
�
ub � VcdV

�
cb � VtdV

�
tb � 0 :

Here the matrix elements Vud and Vtb describe the couplings
between quarks belonging to the same generation and are
approximately equal to unity, while the matrix element
Vcd � ÿVus � ÿl describes the coupling between first- and
second-generation quarks and is well known from semilep-
tonic decays of K mesons and hyperons:
Vus � 0:2205� 0:0018 [29]. Hence the above expression
reduces to a simpler one:

V �ub ÿ lV �cb � Vtd � 0 ;

which represents a triangle in the complex plane (Fig. 1). This
triangle is known as the unitarity triangle. Its sides are equal
to the absolute values of the elements of the CKM matrix,

Table 1. Fundamental fermions.

Particles Charge Baryonic charge Generations

1 2 3

Quarks

Leptons

�2=3
ÿ1=3
0
ÿ1

1=3
1=3
0
0

u
d
ne
e

c
s
nm
m

t
b
nt
t

V �ub Vtd

lV �cb

a

g b

Figure 1. The unitarity triangle.
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while its angles, as wewill see shortly, determine the difference
in the decays of the B0 mesons, which consist of ��bd� quarks,
and �B0 mesons.

Before discussing the way in which these angles can be
measured, let us see what experiments helped in determining
the sides of the unitarity triangle. Since a triangle is given by
its three sides, measurements of these sides can yield useful
information about the angles.

2.2 Determining Vcb

We begin by discussing the matrix element Vcb, which
determines the coupling between second- and third-genera-
tion quarks. The unexpectedly long lifetime of B mesons
discovered by the HRS and MAC groups [30] was a surprise
and an indication that jVcbj is approximately five times
smaller than the matrix element Vus, which determines the
coupling between first- and second-generation quarks. Semi-
leptonic decays of B mesons are most convenient for
quantitative measurements of Vcb, since leptons do not
participate in final-state interactions. Initial measurements
of the branching fractions of inclusive semileptonic decays of
B mesons [29] yielded values in the 10 ± 14% range. Unfortu-
nately, in these measurements the leptons from the primary
decays b! clÿ�nl were not separated from the leptons from
the secondary decays c! sl�nl. The need to subtract the
background of secondary leptons led to a dependence of the
results on the models chosen and to large systematic errors.
The ARGUS Collaboration [31] found a way to overcome
this difficulty. In the hard part of the spectrum there are
practically no secondary leptons, so that from the sign of the
lepton charge one can determine whether the decayed quark
was a b quark or a �b quark: b quarks decay to negative
leptons, while �b quarks decay to positive leptons. Since the b
and �b quarks are always created in pairs, by identifying one of
them we immediately identify the other, and hence know the
sign of the primary lepton in its decay. This makes it possible
to eliminate the background of secondary leptons, which have
the opposite sign, and to obtain amodel-independent value of
the branching fraction of semileptonic decays of B mesons.
Recent values of this branching fraction and the lifetime of
B mesons [32] lead to

jVcbj � �38:7� 0:9� 1:9� � 10ÿ3 ;

where the second error takes into account the uncertainties in
the theoretical description of inclusive semileptonic decays.

The matrix element Vcb can also be determined from the
branching fraction of exclusive semileptonic decays of B
mesons to D � and D mesons (Fig. 2), first observed in the
ARGUS experiment [33]. Here one must estimate the
probability that the c quark, produced in the decay of the b
quark, and the spectator quark form a D��� meson. At the

beginning such estimates were done by using differentmodels,
which introduced extremely large theoretical uncertainties
into the extracted value ofVcb, especially in the case of a decay
to D� mesons. M B Voloshin and M A Shifman [34]
discovered that in the case where the masses of b and c
quarks are extremely large, the value of Vcb can be extracted
from the data on B! D�ln decay without resorting to a
model. The underlying idea is simple and elegant. When q2 is
at its maximum, the c quark is at rest in the center-of-mass
system of the b quark. Hence the spectator quark and the
virtual gluons and the quark ± antiquark pairs that sur-
rounded the b quark simply do not notice that one heavy
quark has been substituted for another and form a bound
state with that quark (a D� meson). The corrections that
emerge because of the finiteness of the masses of the b and c
quarks are small and can be estimated fairly well. Thanks to
the efforts of N Isgur and M B Wise and many other
researchers [35], it was realized that in the limit of infinitely
large masses additional symmetries emerge, which led to a
new avenue of theoretical research: the heavy-quark effective
theory. This theory yields, with high accuracy, the value of
Vcb from exclusive semileptonic decays B! D�ln [32]:

jVcbj � �39:1� 2:7� 1:3� � 10ÿ3 :

This value of Vcb agrees with the value extracted from the
analysis of inclusive semileptonic decays. Analysis of
B! Dln decays gives a similar value of jVcbj, but with
somewhat larger uncertainties [32].

2.3 Determining Vub

It is even more difficult to determine experimentally the next
side of the unitarity triangle, Vub, since it was found to be ten
times smaller than Vcb, which means that all probabilities are
about a hundred times smaller than in the previous case. The
idea of the experiment is simple. Since the u quark is lighter
than the c quark, the lepton in the decay of the b quark to the
u quark is likely to have a higher momentum than it would in
the decay of the b quark to the c quark and be above the
kinematic limit for the latter transition. The problem is that
the signal is extremely weak against the background, and this
poses difficulties for the experimenter. Nevertheless, in 1989,
the ARGUS and CLEO groups announced, practically
simultaneously, that the b! ulÿ�n transition had been
detected [36]. Unfortunately, it is extremely difficult to
extract the value of Vub from these data, since one is forced
to extrapolate from a narrow region where the measurements
are conducted to the entire lepton momentum range. The
latest value of jVub=Vcbj proved to be [29]����Vub

Vcb

���� � 0:08� 0:02 :

The CLEO group was successful in measuring the branching
fractions of the B! rln and B! pln decays [37]. The values
lead to jVubj � �3:3� 0:4exp � 0:7theor� � 10ÿ3 which agrees
with the value obtained from inclusive decays.

2.4. Determining Vtd

The third side of the unitarity triangle, Vtd, was estimated
from B0�B0 oscillations. Since the beauty quantum number is
not conserved in weak interactions, the B0 and �B0 mesons can
transform into each other through second-order processes.
One of the dominating diagrams is shown in Fig. 3. Since the

Wÿ

lÿ

�d�d

cb

�B0 D� orD��

Vcb

�n

Figure 2. �B0 ! D����lÿ�nl decay diagram.
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B0 and �B0 particles mix, states with a well-defined mass are
linear combinations of these particles, which have almost
equal lifetimes tB, but slightly different masses m1 and m2.
The probability of �B0-mesons appearance in a beam of B0

mesons is given by the following formula:

�n�t� � exp�ÿt=tB�
2

�1ÿ cosDmt� ;

where Dm � m1 ÿm2. Thus, in a beam of B0 mesons, �B0

mesons appear with the passage of time, and the fraction
oscillates in time. The frequency of these oscillations, Dm, is
proportional to the square of the mass of the t quark and the
square of the matrix element Vtd [38]:

Dm � G 2
F

6p2
BB f

2
BmBjV �tbVtdj2m2

tF

�
m2

t

M 2
W

�
ZQCD ; �1�

where GF is the weak interaction coupling constant,
ZQCD � 0:55� 0:01 is the QCD correction [39], F�m2

t =M
2
W�

is a reliably calculable function, and f 2BBB specifies the
parametrization of the hadronic matrix element, which, so
to say, fixes the probability that the �b and d quarks in the B0

meson are at the same point. By measuring the B0�B0

oscillations one can determine the mass of the t quark or the
matrix element Vtd. The probability of B0 mesons becoming
�B0 mesons was expected to be extremely low, since themass of
the t quark was predicted to be not too large. More than that,
there were indications of a t quark with a 40-GeV mass [40]
(here we use a system of units in which c � 1 and �h � 1).
Hence the B0�B0 oscillations discovered by the ARGUS
Collaboration [41] were a big surprise.

As noted earlier, only negatively charged leptons can be
produced in decays of the b quark and only positively charged
leptons, in decays of the �b quark. Since the production of a b
quark is accompanied by the production of a �b quark, and
vice versa, only pairs of leptons with opposite signs can be
produced in the absence of oscillations. Oscillations result in
the production of pairs of leptons of the same sign. The ratio

Nl�l�

Nll
� x2

2� 2x2
;

depends on the parameter x � DmtB, and consequently, on
the oscillation frequency.

Studying the U�4S� resonance, which decays to B0�B0 or
B�Bÿ pairs, the ARGUS Collaboration detected pairs of
primary leptons of the same sign and thus discovered B0�B0

oscillations [41].More than that, an event with twoB0 mesons
in the final state was fully reconstructed, which was graphic
proof of B0�B0 oscillations. The oscillation parameter was

found to be unexpectedly large:

x � DmtB � 0:73� 0:15 :

This result yielded the first estimate of the matrix element Vtd

and indicated that the mass of the t quark is larger than
50 GeV.

A t quark with a mass of mt � 175� 6 GeV was detected
by the CDF and D0 groups [42], and the accuracy in
determining the parameter x was improved mainly thanks to
experiments at the LEP collider:

x � 0:72� 0:03 :

Unfortunately, due to the theoretical uncertainties in fB and
BB, there has been no noticeable improvement in the accuracy
in determining jVtdj. From Ref. [32] it follows that

0:005 < jVtdj < 0:015

if one uses fB
������
BB

p � 200� 40MeV [43]. The value of the ratio
f 2Bd

BBd
=f 2Bs

BBs
can be predicted with a smaller theoretical

uncertainty. Hence by measuring the B0
s oscillations, for

which the parameter Dms is described by a formula similar
to Eqn (1), we can determine jVtdj with higher accuracy. At
present we know [32] of only the lower boundDms > 9:2 psÿ1,
which leads to additional limitations on Vtd only for an
optimistic estimate of the uncertainties in f 2Bd

BBd
=f 2Bs

BBs
.

Therefore we will not use this information here.
Thus, we have described the measurements of all three

sides of the unitarity triangle. Before we proceed with the
angles, we would like to comment on the very large difference
between the coupling constants of quarks belonging to
different generations.

Within each generation, the coupling constants are
approximately equal to unity (naturally, in units of the weak
interaction coupling constant GF). The coupling constant
between the first and second generations is approximately 0.2,
between the second and third it is about 0.04, and between the
third and first it is smaller by a factor of ten than the previous
one. The origin of this hierarchy of coupling constants is still
unclear. We hope that experimental observations will open a
new avenue to a complete theory, which will explain this
hierarchy.

2.5 How to measure the angles?
The three sides of a triangle completely determine the angles
in the triangle. Unfortunately, there are uncertainties in the
measurements. Additional restrictions on the positions of the
unitarity triangle vertices emerge from an analysis of CP
violation in K! pp decays described by the parameter EK.
The vertex at angle a lies on a hyperbola whose position is
determined by the parameter EK and by mt, Vcb, and BK. If
this requirement is taken into account, by measuring the sides
of the unitarity triangle we can arrive at the constraints on the
values of the triangle's angles. The allowed region for the
vertices of the unitarity triangle is depicted in Fig. 4 [44]. In
Fig. 4 the sides of the triangle are normalized to ljVcbj, with
the result that the triangle's base is equal to unity.

The angles of the unitarity triangle prove to be large, and
in the modern theory they are related directly to the
asymmetry of the decays of B and �B mesons. For instance,
the asymmetry in the decays of B0 and �B0 mesons to J=cK0

s is
determined by the angle b.

d

�b
�t

t
b

�d

WB0 �B0W

Vtb

Vtb

Vtd

Vtd

Figure 3.Diagram of the transition of a B0 meson into a �B0 meson.
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This asymmetry emerges because a B meson can decay to
the final state J=cK0

s directly or first oscillate to the �B0 meson
and then decay to the same final state (Fig. 5). The
interference of the possible decay routes leads to an
asymmetry in the number of decays of the B and �B mesons
to J=cK0

s . This asymmetry depends on the angle b of the
unitarity triangle and on time:

aJ=cK0
s
�t� � n�t� ÿ �n�t�

n�t� � �n�t� � ÿ sin�2b� sin xt

tB
: �2�

In this expression, the sin 2b emerges because the diagrams
for the B0�B0 oscillations contain the matrix element
Vtd � jVtdj exp�ÿib�, and the second factor sin�xt=tB� speci-
fies the probability of oscillations.

Since x � 0:72� 0:03 is a relatively large value, sin�xt=tB�
becomes large for times comparable to the B meson lifetime,
i.e. not all Bmesons have time to decay. Hence the asymmetry
can be measured: while it becomes large there are still many B
mesons. Thus, the discovery of unexpectedly large B0�B0

oscillations [41] made possible in the search for CP violation
in B mesons.

Similarly, the asymmetry in the decay to p�pÿ (Fig. 6)
depends on b� g � pÿ a:

app�t� � ÿ sin�2a� sin xt

tB
;

since the decay amplitude contains the matrix element
Vub � jVubj exp�ÿig�. True, in this case the so-called penguin
diagrams, one of which is depicted in Fig. 7, can contribute
significantly and violate the simple relationship between

asymmetry and sin 2a. Nevertheless, the angle a can still be
found [45].

In addition to the above examples, there is a large number
of decays that can be used to determine the angles of the
unitarity triangle. Some of these decays are listed in Table 2
and Fig. 4.

Except for the CP violation connected with B0�B0 oscilla-
tions, direct CP violation is possible, caused by the inter-
ference of partial amplitudes with different weak and strong
phases, for example,

G�B� ! K�r0� 6� G�Bÿ ! Kÿr0� :

However, it is usually difficult to connect this direct CP
violation with the angles of the unitarity triangle, and we
shall discuss this no further.

ÿ0.4 ÿ0.2 0 0.2 0.4 0.6 0.8 1.0 r

0.4

0.2

0

Z

a

g b

B0 ! pp; rp

Bs ! Ksr0;DsK B0 ! JcKs

B0 ! �B0

V �ub
jlVcbj

Vtd

jlVcbj

Figure 4. Allowed region for the vertex of the unitarity triangle ��1s�.

b c

�c

s

�B0

K0
s

Wÿ

�d �d

J=c

�b �c

c

�s

B0

K0
s

W�

d d

J=c

Figure 5.Diagrams of the decays of �B0 and B0 mesons to J=cK0
s .

b u

�B0

Wÿ

�d �d

pÿ

p�

�u

d

�b �u

B0

W�

d d

p�

pÿ

u

�d

Figure 6.Diagrams of the B! p�pÿ decay.

�B0

g

t

Wÿ

p�

pÿ
b d

�d �d

�u

u

Figure 7. Penguin diagram for the B! p�pÿ decay.

Table 2.Accuracies in determining sin 2b and sin 2a from different decays
in the BaBar experiment after 1 year (107 s) of operation.

Decay Br sinF s

J=cK0
S

J=cK0
L

J=cK�0

D�Dÿ

D��D�ÿ

D��D�

p�pÿ

rp
a1p

0:5� 10ÿ3

0:5� 10ÿ3

1:6� 10ÿ3

6� 10ÿ4

7� 10ÿ4

8� 10ÿ4

1:2� 10ÿ5

5:8� 10ÿ5

6� 10ÿ5

sin 2b

sin 2a

0.10
0.16
0.19
0.21
0.15
0.15
0.20
0.11
0.24
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Recently the search for CP violation in a system of B
mesons has formed a new avenue of research in elementary
particle physics. Two special large accelerators, known as B-
factories, are being built at KEK (Japan) and SLAC (the
United States). Also, four specialized detectors are being
built: BaBar (SLAC), Belle (KEK), HERA-B (DESY,
Germany), and LHCb (CERN). The search for CP violation
in B mesons has been incorporated into the research
programs involving the existing CDF and D0 detectors at
the p�p collider at FNAL. Such activity is a reflection of the
great interest in the problem. In fact, it may well be that the
modern theory of CP violation is either incorrect or
incomplete, and instead of a unitarity triangle with matching
sides and angles we may find something totally unexpected,
the more so that there are strong theoretical indications that
CP violation in the SM is not sufficient for the creation of the
baryonic asymmetry of the Universe (e.g., see Ref. [46]).

2.6 CP violation outside the Standard Model
There are many scenarios in which CP violation differs from
the SM. These scenarios usually require bringing new
particles into the picture. A detailed discussion of this
problem can be found, e.g., in Ref. [47]. Here we give only a
few examples.

1. A fourth quark ± lepton generation. In this case the
unitarity triangle becomes a unitarity quadrangle. The
probability that a fourth generation exists is low because of
the absence of a fourth type of neutrino with a mass smaller
than MZ=2, although the possibility cannot be excluded
entirely.

2. Neutral currents that change flavor. Such currents would
contribute to the B0�B0 oscillations and hence change the SM
predictions concerning CP violation. In this model, the
unitarity triangle also becomes a quadrangle (Fig. 8). If
B0�B0 oscillations are determined not by square SM diagrams
(see Fig. 3) but by a new neutral current, the asymmetry in the
B0 ! J=cK0

s decay depends not on sin 2b but on sin 2�b. Thus,
in this model, CP asymmetries in B decays determine
completely different angles.

3. Additional Higgs doublets. In this case, charged and
neutral Higgs bosons are added to the single neutral Higgs
boson required by the SM. Charged bosons can contribute to
B0�B0 mixing due to the diagrams depicted in Fig. 9. This leads
to a change in the value of Vtd extracted from the B0�B0-
oscillation frequency. The neutral Higgs bosons may con-
tribute to B0�B0 oscillations at the tree level and alter these
oscillations considerably in comparison to those predicted by

the SM. There are also models in which CP invariance is
violated due to exchange of Higgs bosons, while the CKM
matrix is real. In this case the unitarity triangle degenerates
into a straight line.

The above examples illustrate the fact that measurements
of CP asymmetry in B mesons are extremely sensitive to the
`new physics' lying outside the SM.

3. Measuring the CP asymmetry in decays
of B mesons

We discuss the way in which the CP asymmetry could be
measured in the decays of B mesons using the HERA-B
detector as an example. After that we will comment on other
approaches.

3.1 The HERA-B experiment
In the HERA-B detector, B mesons are produced on thin
wires surrounding HERA's internal beam. This makes it
possible to use the protons from the beam halo, which are
otherwise lost.

The schematic of the HERA-B detector is depicted in
Fig. 10. B mesons are produced on the wire target, and the
vertices of the B-meson decays are registered by silicon
microstrip detectors. The momenta of the charged particles
are measured by drift and gas microstrip chambers placed
inside and after the magnet. K mesons are identified by a
Cherenkov counter, electrons are identified by a transition
radiation detector and electromagnetic calorimeter, and
muons are registered by a muon identifier. Nearly 600 K
readout electronic channels are used in the device. For an
illustration of the scale of the device Fig. 11 depicts the
moment of assembly of the electromagnetic calorimeter.

The proton energy in the HERA accelerator is 820 GeV.
At this energy the production cross-section of B mesons is
approximately one million times smaller than the inelastic
scattering cross-section. With allowance for the branching
fractions of the decays [29] Br�B0 ! J=cK0

s � � 5� 10ÿ4,
Br�J=c! l�lÿ� � 0:06, and Br�K0

s ! p�pÿ� � 0:69, it
appears that there is only one event of interest for every
25000 B mesons. Hence establishing an effective system for
selecting the necessary events, an effective trigger, is the key
issue, the more so that the interaction frequency is extremely
high (40 MHz). This problem is solved by using triggers at
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Figure 8. The unitarity quadrangle in the model with flavor changing

neutral currents (characterized by U�db).
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Figure 9.Diagrams of the transition of a �B0 meson into a B0 meson with an

exchange of Higgs bosons.
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three levels, and at each level the amount of information
processed is larger than at the previous level. At the first level,
the calorimeter and the muon chambers are used to separate
regions in the track system in which a lepton may pass and a
search of such tracks is carried out. After the tracks are found,
the invariant mass of the l�lÿ pair is calculated, which is
matched with the mass of the J=c particle.

Specially designed processors are used to carry out all
these operations in 12 ms, suppressing the background by a

factor of 200 and yet retainingmore than 60%of all the useful
events in the process. At the second level, information about
the secondary vertex is used, which makes it possible to
suppress the background by an additional factor of 25.
Finally, at the third level, the complete reconstruction of the
event is achieved, which decreases the background by an
additional factor of 20.

In the final analysis, the separation of the B! J=cK0
s

decay is achieved primarily by calculating the invariant mass
of the candidate for the B meson and by imposing the
requirement that the vertex of the decay of the B meson be
several millimeters away from the primary vertex. Since for
times much shorter than the lifetime of the B meson the CP
asymmetry is small [see Eqn (2)], the requirement that the B-
meson's decay length be large (up to gct90:7gctB) practically
does not affect the accuracy in determining the asymmetry.

To register the B! p�pÿ and B! Kÿp� decays, a
special trigger was developed to discriminate tracks with
large transverse momenta [48]. The trigger circuit uses the
correlations that exist between the deviation of a track in a
magnetic field and its distance from the beam axis. The larger
the distance, the greater the track angle and the smaller the
momentum for a given pT, and hence the larger the deviation
in the magnetic field.

To calculate the CP asymmetry, the decays of B0 and �B0

mesons must be separated. Since this cannot be done via the
final states, which are identical, one must use the information
about the second beauty (anti)particle that was produced
together with the neutral B meson (this beauty particle can be
identified by the sign of the leptons andKmesons produced in
its decay). This `tags' the B meson being investigated. By
definition, beauty mesons and baryons contain a �b quark and
decay to positive primary leptons and K mesons, and their
antiparticles decay to the respective negative particles.
Unfortunately, sometimes leptons and K mesons of the
other sign are produced in the decays of beauty particles,
which leads to errors in identification. In addition, hadrons
can be incorrectly identified as leptons, and p mesons as K
mesons. Finally, if the second beauty particle is a B0 meson, it
may oscillate into its own antiparticle, which again results in
incorrect identification of the B meson under investigation.
The quality of identification is described by a parameter D,
which in the case of the HERA-B experiment amounts to 0.4.

C4F10
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Figure 10. Schematic of the HERA-B detector: 1Ð vertex detector; 2Ðmagnet; 3Ðdrift chambers; 4ÐCherenkov counter; 5Ð transition radiation

detector; 6Ð electromagnetic calorimeter; 7Ðmuon identifier.

Figure 11. Electromagnetic calorimeter of the HERA-B detector.
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The accuracy in determining the angles of the unitarity
triangle is given by the following formula:

D sin 2F �
�����������������
1� B=S

p
D

������
K

EN

r
;

where N is the number of registered events, B=S is the
background-to-signal ratio, E is the effectiveness of identify-
ing B mesons, D is the quality of identification, and K is a
factor allowing for the fact that the neutral B meson being
studied can oscillate. In the HERA-B experiment, K � 2.

Figure 12 depicts the region in the (sin 2aÿ sin 2b) plane
allowed by the SM and the expected accuracy of the HERA-B
experiment after four years of running. We see that over
practically the entire allowed region, CP asymmetry can be
discovered with a statistical significance no less than four
standard deviations. Of course, reality may be worse than the
expectations. For example, the latest CLEOdata indicate that
the branching fraction of the decay B0 ! p�pÿ is half that
used in the estimates. On the other hand, in addition to the
two decays discussed above, other decays can be used to
measure the angles of the unitarity triangle, e.g.,
B0 ! D��D�ÿ (the angle b) and B0 ! p�a�1 (the angle a).
This should improve the accuracy.

3.2 B-factories
When the B-factories become operational, they will work in
the region of the U�4S� resonance, which decays to the pairs
B�Bÿ and B0�B0. This has certain advantages:

(1) there is no background of additional particles;
(2) the energy of the Bmesons is well known, whichmakes

it possible to use the kinematic constraints to suppress the
background;

(3) the ratio of the B-meson production cross-section to
the total cross-section is 25%.

B0 and �B0 mesons are produced in the decay of U�4S� in
the P-wave. Because of Bose statistics, they remain in the
coherent B0�B0 state as long as one of the mesons does not
decay. Hence CP asymmetry depends not on the proper decay
time but on the difference in the decay times of the two B
mesons:

a�t� � sin�DmDt� :

Integration overDt nullifies the asymmetry. Hence to observe
CP asymmetry wemust at least know the sign ofDt. The value
of Dt can be measured if U�4S� is produced not at rest but in
motion with respect to the laboratory reference frame. Then
Dt � Dz=gb, where Dz is the distance between the vertices of
B-meson decays, b is the velocity of U�4S� in the laboratory
reference frame, and g � EU�4S�=MU�4S�.

For U�4S� to move in the laboratory reference frame, the
energies of the electrons and positrons in the B-factories are
made to be different. For instance, in the B-factory at SLAC
the electrons have an energy of 9 GeV and the positrons, of
3.1 GeV, which leads to a 250-mm average distance between
the decay points of the B mesons. To produce a sufficient
number of B mesons, the B-factories must have an extremely
high luminosity. The design luminosity of the B-factory at
SLAC is 3� 1033 cmÿ2 sÿ1, which should make it possible to
produce three neutral B mesons every second. At present, a
luminosity of 5:5� 1032 cmÿ2 sÿ1 has been reached at the
symmetric e�eÿ collider CESR (Cornell, USA), which
operates also in the region of the U�4S� resonance.

Detectors for B-factories closely resemble the well known
detector CLEO, which operates on a symmetric e�eÿ collider.
However, they require a perfect vertex detector and better
particle identification. The expected accuracies in determin-
ing sin 2b and sin 2a for the BaBar detector are listed in
Table 2.

3.3 The CDF and D0 experiments
The CDF and D0 experiments, which were carried out on the
p�p collider at FNAL, have been focusing primarily on studies
of interactions at ultrahigh energies and the search for new
particles and phenomena. However, the potential of these
experiments for B-mesons studies is also high. So far, the
highest number of B! J=cK0

s decays has been registered in
the CDF experiment. At present both the collider and the
detectors are being modernized. After the upgrade has been
completed, luminosity will reach 2� 1032 cmÿ2 sÿ1, which
will allowCDF to register 104 decays to J=cK0

s in 1999 ± 2001.
Unfortunately, the quality D and effectiveness E of `tagging'
the B0 and �B0 mesons will remain low even after completion
of the CDF upgrade [49]. Hence the accuracy in determining
sin 2b will amount to 0.08 ± 0.13 and will be at the level of the
sensitivity of B-factories and the HERA-B experiment, where
the expected number of decays is smaller by an order of
magnitude.

A new trigger is being built to measure the angle a in the
CDF experiment. The trigger will use two tracks that emerge
at the secondary vertex. More precisely, the two tracks must
miss the primary beam by no less than 100 mm. This trigger
will make it possible to register B0 ! p�pÿ decays and to
measure sin 2a with an accuracy of about 10%.

3.4 LHC
The study of CP violation in the B meson decays constitutes
an important part in the research program involving the
biggest pp collider LHC, which is currently being built at
CERN. These studies will be carried out on the universal
detectors ATLAS and CMS and on the LHCb detector,
which has been specially optimized for studying B mesons.
The expected accuracy in all three second-generation experi-
ments is significantly higher than the accuracy of the first-
generation experiments (by a factor of three to ten). This
should not come as a surprise, since the number of B mesons
produced by LHC will be five orders of magnitude higher
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Figure 12. Region in the (sin 2aÿ sin 2b) plane allowed by the SM. The

dashed lines depict the expected accuracy of the HERA-B experiment at

the 4s-level, and the hatched area indicates the region where the experi-

ment's sensitivity is insufficient for discovering CP violation.
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than that produced by B-factories.With an expected accuracy
of 1 ± 3%, systematic errors begin to play an important role.
The LHCb experiment, which is very similar to the HERA-B
experiment and uses Cherenkov counters to identify particles,
will monitor all these errors much better.

For completeness we should mention the BTeV experi-
ment on the Tevatron p�p collider [50] which may be carried
out before work starts on LHC. Its sensitivity is comparable
with that of LHCb. However, this experiment has not yet
been approved.

In addition, a search for CP violation, not connected with
B-meson oscillations, is planned for the CLEO detector,
working at the CESR symmetric e�eÿ collider, which should
attain a luminosity of 2� 1033 cmÿ2 sÿ1 after upgrading [51].

4. Conclusion

Table 3 lists the characteristics of the different experiments
involved in the search for CP violation in B mesons. The
errors in the angles of the unitarity triangle for one year of
operation of the detectors are shown for the decays giving the
best accuracy. Averaging over several decays may improve
this accuracy. Also shown are the values of the parameter xs,
to which B0

s
�B0
s oscillations may be measured in the different

experiments. The first three columns refer to first-generation
experiments, for which data taking will begin in 1999. The
biggest difference between these experiments is in the number
of Bmesons produced and in the ratio of the number of useful
events to the background. The biggest problem in the
experiment with production of B mesons on a fixed target
(HERA) is the huge background: the B-meson production
cross-section is only one millionth of the total cross-section.
In the case of B-factories, the background is low, but so is the
number of produced B mesons. Hence in the first case the
main problem is to design and build a detector at the
technological limit, while in the second case it amounts to
building an accelerator with an exceptionally high luminosity.
Finally, for the CDF and D0 experiments, the main problem
will be improving the trigger and the quality of tagging Ð
eD2.

The expected accuracy in measuring the angles in the
unitarity triangle is approximately the same in all first-
generation experiments. The differences that Table 3 illus-
trates are inessential and most likely reflect the optimism of

the different groups of researchers. Next-generation experi-
ments will be much more accurate. Table 3 lists the
parameters of only one such experiment, LHCb (a specia-
lized experiment in B-meson physics), which is much more
accurate than the universal ATLAS and CMS detectors, on
which research on beauty particles is also planned.

The mechanism of CP violation has yet to be established,
and an important step toward understanding it will soon be
taken. The predictions of large differences in the properties of
beauty and antibeauty particles will be checked. There is no
hope that the first experiments will be easy. However, after
several years of operation, there is a high probability that CP
violation in B mesons will be discovered if it is described by
the SM. The next-generation experiments, which will start in
2005, should make it possible to quantitatively verify the
predictions of the SM and will be sensitive with respect to the
`new physics.'
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