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Abstract In the last decade, the LEP experiments played a central role in the study of B hadrons
(hadrons containing a b quark). New B hadrons have been observed (B0

s , �B , �b and
B∗∗) and their production and decay properties have been measured. In this paper we
will focus on measurements of the CKM matrix elements: |Vcb|, |Vub|, |Vtd | and |Vts |.
We will show how all these measurements, together with theoretical developments, have
significantly improved our knowledge on the flavour sector of the Standard Model. To cite
this article: P. Kluit, A. Stocchi, C. R. Physique 3 (2002) 1203–1210.
 2002 Académie des sciences/Éditions scientifiques et médicales Elsevier SAS

beauty (B) hadrons / B decays /B0 − B0 oscillations / CKM matrix / CP violation

Les quarks lourds et la matrice CKM

Résumé Dans les dernières dix années, les expériences LEP ont joué un rôle primordial dans les
études des hadrons beaux (hadrons contenant un quark b). Des nouveaux hadrons beaux ont
été observés (B0

s , �B , �b et B∗∗) et leurs taux de production ainsi que les caractéristiques
liées à leurs processus de désintégration ont été mesurés. Dans ce papier nous expliquerons
les mesures des éléments de la matrice CKM : |Vcb|, |Vub| ainsi que |Vtd | et |Vts |. Nous
montrerons la manière dont ces mesures ainsi que les développements théoriques qui leur
sont reliés ont amélioré de façon significative notre connaissance du secteur des saveurs tel
qu’il est décrit dans le Modèle Standard. Pour citer cet article : P. Kluit, A. Stocchi, C. R.
Physique 3 (2002) 1203–1210.
 2002 Académie des sciences/Éditions scientifiques et médicales Elsevier SAS

hadrons beaux (B) / désintégrations des hadrons B / oscillationsB0 − B0 / matrice
CKM / violation de CP

1. Introduction

In the last decade, the LEP experiments played an important role in the study of B hadrons. At the start
of the LEP accelerator in 1989, only the Bd and the B+ hadrons were known and their properties were
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Figure 1. B hadrons at LEP. The three plots from top left to bottom left show the invariant mass spectra of
((D0π)− D0), Ds, � which are obtained in correlation with an opposite sign lepton. These events are attributed

mainly to the semileptonic decays of B0
d, B0

s and �B hadrons, respectively. The bottom right figure shows the mass

difference between an orbitally excited B meson (B∗∗) and a B(∗).

under study. New weakly decaying B hadrons have been observed (B0
s , �B , �b) for the first time and

their production and decay properties have been measured. New strongly decaying hadrons, the orbitally
(L = 1) excited B (B∗∗) mesons have been also observed and their mass and production rates measured. An
overview of the signals used to study these new states is given in Fig. 1.

Precise measurements of the production and decay properties of B hadrons have been performed [1]. For
an overview of the B hadron lifetime measurements, the reader is referred to the dedicated article in this
volume [2]. In this paper we will further focus on the measurements of the CKM matrix elements. Section 2
introduces the CKM matrix and in Sections 3, 4 the measurements of the matrix elements |Vcb| and |Vub|
are described. The next section discusses the results for B0 − B0 oscillations from which the elements |Vtd |
and |Vts| have been determined. Finally in Section 6 the impact of these measurements on the determination
of the CKM parameters is presented.

2. The CKM matrix

The CKM matrix VCKM appears [3,4] when one writes the most general V − A current between up
U ≡ (u, c, t) and down D ≡ (d, s, b) quark states

Jµ ∼Uγµ
(

1 − γ 5

2

)
VCKMD. (1)
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It is known that for at least 3 quark doublets (what is indeed observed), the unitary CKM matrix becomes
in general complex. For 3 doublets its elements

VCKM =
(
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

)
(2)

depend in general on four parameters: three Euler angles and one complex phase. Several parametrizations
exist, but it is convenient to use the improved Wolfenstein [5] parametrization, expressed in terms of the
parameters λ, A, ρ and η

VCKM =



1 − λ2

2 − λ4

8 λ Aλ3(ρ − iη)

−λ+ A2λ5

2 (1 − 2ρ)− iA2λ5η 1 − λ2

2 − λ4( 1
8 + A2

2 ) Aλ2

Aλ3[1 − (1 − λ2

2 )(ρ + iη)] −Aλ2(1 − λ2

2 )(1 + λ2(ρ + iη)) 1 − A2λ4

2


+ O

(
λ6).

(3)
The CKM matrix elements can be expressed as:

Vub =Aλ3(ρ − iη)/
(
1 − λ2/2

)
, Vcb =Aλ2, Vtd = Aλ3(1 − ρ + iη), (4)

where the parameters ρ and η have been introduced [6]. 1

The parameter λ is precisely determined to be 0.2237 ± 0.0033 using semileptonic kaon decays [7]. The
other parameters: A, ρ and η were rather unprecisely known.

The LEP experiments contributed to the determination of the CKM matrix elements moduli |Vcb|, |Vub|,
|Vtd | and |Vts |. An overview of the measurements discussed below as well as a description of the procedure
to combine the results of the different experiments can be found in [1].

The parameter η makes the elements of the CKM matrix complex, with the important consequence that
weak processes involving quarks do not preserve CP symmetry: thus η �= 0 accounts for the violation of the
CP symmetry (observed since 1964 in the K0K0 system) in the Standard Model.

3. Measurement of|Vcb|
The |Vcb| element of the CKM matrix can be accessed at LEP by studying the decay rates of inclusive

and exclusive semileptonic b-decays. The first method is based on the measured inclusive semileptonic
width �sl:

�sl = BR(b→ clν)

τb
= γtheory|Vcb|2. (5)

Using the OPE (Operator Product Expansion) for heavy quarks, the theoretical factor γtheory can be
determined and |Vcb| can be extracted. The combined inclusive result is [8]:

|Vcb| = (40.7 ± 0.7exp ± 0.8th)× 10−3.

The second method is based on exclusive B0
d → D∗+�−νl decays. Using HQET (Heavy Quark Effective

Theory) an expression for the differential rate – proportional to |Vcb|2 – can be derived. The exclusive result
is:

|Vcb| = (41.5 ± 1.2stat ± 1.8sys)× 10−3.

The combined inclusive and exclusive result is: 2

|Vcb| = (41.8 ± 1.0)× 10−3,
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which corresponds to a value for A of 0.835 ± 0.020.

4. Measurement of|Vub|
The CKM matrix element |Vub| has been measured at LEP using semileptonic b to u decays. This

measurement is rather difficult because one has to suppress the large background from the more abundant
semileptonic b to c quark transitions. By using kinematical and topological variables, the LEP experiments
have succeeded in measuring the semileptonic b to u branching ratio [8], and obtain:

BR(b→ l−ν̄Xu)= (1.71 ± 0.53)× 10−3.

Using models based on the Operator Product Expansion, a value for |Vub| is obtained:

|Vub| = (40.9 ± 6.1 ± 3.1)× 10−4 LEP. (6)

The CLEO collaboration [9] has measured the branching fraction for the decay B0
d → ρ+�−ν� and

deduced a value for |Vub| using several models to describe the decay form factors:

|Vub| = (32.5 ± 2.9 ± 5.5)× 10−4 CLEO.

These results are compatible within their respective errors.

5. Study ofB0 − B0 oscillations

The probability that a B0 meson oscillates into a B0 or remains a B0 is given by:

P
B0

q→B0
q(B

0
q)

= 1

2
e−t/τq(1 ± cos"mqt), (7)

where t is the proper time, τq the lifetime of the B0
q meson, and "mq = mB0

1
− mB0

2
the mass difference

between the two physical mass eigenstates. 3 To derive this formula the effects of CP violation and lifetime
differences for the two states have been neglected.

The Standard Model predicts:

"md ∝ |Vtd |2f2
Bd

BBd ; "ms ∝ |Vts|2f2
Bs

BBs , (8)

where fBq=s,d is the B decay constant and BBq=s,d the bag factor, both depending on large distance hadronic
physics which controls the B wave function. A measurement of the mass difference gives thus access to the
CKM matrix elements Vtd and Vts .

A time dependent study of B0 − B0 oscillations requires:
• the measurement of the proper time t;
• to know if a B0 or a B0 decays at time t (decay tag);
• to know if a b or a b quark has been produced at t = 0 (production tag).

5.1. "md measurements

Analyses using different samples have been performed at LEP. A typical time distribution is shown in

Fig. 2. B0
d − B0

d oscillations with a frequency "md ∼ 0.530 ps−1 are clearly visible. As with many other
results from LEP, this will be a textbook plot! The present summary of the results on "md is shown in
Fig. 2. Combining LEP, CDF and SLD measurements it follows that [10]:

"md = (0.498 ± 0.013) ps−1. (9)
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Figure 2. The plot on the left shows the B0
d − B0

d oscillations. The points with error bars are the data. The curve shows

the result of the fit using "md = 0.53 ps−1. On the right, the summary of the "md results from LEP, SLD, CDF,
BABAR and BELLE is given.

Table 1.Characteristics of the different analyses are given in terms of statistics (N ),
B0

s purity (P (Bs), tagging purities — i.e. the fraction of correctly tagged events — at
the production and decay time (ε1, ε2) and average time resolution within the first

picosecond.

Analysis N (events) P (Bs) (%) ε1 (%) ε2 (%) σt (t < 1 ps) (ps)

Dipole ∼ 700000 ∼ 10 ∼ 70 ∼ 60 ∼ 0.25

Inclusive lepton ∼ 50000 ∼ 10 ∼ 70 ∼ 90 ∼ 0.25

D±
s h

∓ ∼ 3000 ∼ 15 ∼ 72 ∼ 90 ∼ 0.22

D±
s �

∓ ∼ 400 ∼ 60 ∼ 78 ∼ 90 ∼ 0.18

Exclusive B0
s ∼ 25 ∼ 70 ∼ 78 ∼ 100 ∼ 0.08

"md has been first measured with high precision by the LEP/SLD/CDF experiments. The new and
precise measurements performed at the B-factories confirmed these measurements and improved the
precision by a factor 2. the combined result is: "md = (0.496 ± 0.007) ps−1.

5.2. Analyses on"ms

The search for B0
s − B0

s oscillations is more difficult because the oscillation frequency is much higher. In
the Standard Model one expects"ms ∼ 20"md. The proper time resolution will therefore play an essential
role. Five different types of analyses have been performed at LEP/SLD. An overview is given in Table 1.
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Figure 3. The plot on the left shows the combined "ms results from LEP/SLD/CDF analyses for the amplitude versus
"ms. The points with error bars are the data; the lines show the 95% C.L. curves (the systematics have been included
in black) [10]. The dotted curve shows the sensitivity. The plot on the right shows the summary of the "ms results per

experiment. The errors are given at "ms = 15 ps−1 (the sensitivity is also given).

The so-called amplitude method [11] has been developed to combine the data of different experiments
and equation 7 is modified in the following way:

1 ± cos"mst → 1 ± A cos"mst,

A and σA are measured at fixed values of "ms. In case of a clear oscillation signal, the measured
amplitude is compatible with A = 1 at the corresponding value of "ms. With this method it is also easy
to set an exclusion limit. The values of "ms excluded at 95% C.L. are those satisfying the condition
A("ms)+ 1.645σA("ms) < 1. Furthermore, the sensitivity of the experiment can be defined as the value
of "ms corresponding to 1.645σA("ms)= 1 (for A("ms)= 0, namely supposing that the ‘true’ value of
"ms is well above the measurable value of "ms).

The combined result of the LEP/SLD/CDF [10] analyses is shown in Fig. 3 and is:

"ms > 14.9 ps−1 at 95% C.L.

for an expected sensitivity of 19.3 ps−1.

6. CKM fits

The different measurements allow for a determination of the parameters of the CKM matrix.
• from the measurements of |Vcb|, the A parameter is determined;
• the measurement of |Vub| gives a circular constraint of the form: ρ2 + η2;
• the measurement of "md gives a constraint of the form: (1 − ρ)2 + η2;
• an upper limit on the ratio "md/"ms gives the same type of constraint in the ρ−η plane, as a

measurement of "md, but this ratio is expected to have a smaller theoretical uncertainty since the
ratio f2

Bd
BBd/f

2
Bs

BBs is better known than the absolute value of f2
Bd

BBd ;
• the measurement of εK defines an hyperbola in the ρ−η plane.

These constraints are shown in Fig. 4.
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Figure 4. The allowed regions for
ρ and η (contours at 68%, 95%)

are compared with the uncertainty
bands for |Vub|/|Vcb |, εK , "md

and the limit on "ms/"md
(dotted curve).

Figure 5. Evolution during the years of the
allowed regions for ρ and η (contours at 68%,

95%).
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All these quantities must – if the Standard Model is correct – be compatible, inside measurement errors
and theoretical uncertainties, with one point in the ρ–η plane. As shown in Fig. 4, this point defines a
triangle where sides have been measured at LEP/CDF/SLD and CLEO and whose angles can be measured
also at B-factories.

Using the available and most recent measurements and also up to date theoretical calculations [7,8,10]
the allowed region in the ρ−η is determined, as shown in Fig. 4. It corresponds to:

ρ = 0.224 ± 0.038; η= 0.317 ± 0.040.

The value of sin 2β can be also determined and compared with those measured recently at B-factories
using B0 → J/ψK0 decays (which are based on CP-violating asymmetries)

sin 2β = 0.698 ± 0.066 from sides measurements and εK (+ lattice QCD), (10)

sin 2β = 0.78 ± 0.08 from B0 → J/ψK0 (B − factories). (11)

The agreement of these values shows the consistency of the Standard Model in describing the CP violation
phenomena in terms of one single parameter η. It is of interest to give predictions for the following
quantities that will be measured in the future:

γ = (54.8 ± 6.2)0, (12)

"ms = (16.3 ± 3.4) ps−1. (13)

The evolution of our knowledge concerning the allowed region in the ρ–η plane is shown in Fig. 5. The
reduction of the error bands from the year 1995 to 2002 is essentially due to the analyses described in this
paper which have been performed after the end of the data taking at the Z0 pole and to the progress in lattice
QCD determinations.

Thus, at the moment, the complex nature of the CKM matrix seems to be fully responsible for the
observed CP violation in weak processes involving quarks.

1 ρ = ρ(1 − λ2/2); η= η(1 − λ2/2).
2 In this average the results from CLEO and Belle Collaborations are included. LEP still has a predominant weight.
3 "mq is usually given in ps−1: 1 ps−1 corresponds to 6.58 × 10−4 eV.
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