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Dipartimento di Fisica Universitá di Milano Bicocca and INFN Sezione di Milano, Italy

Email: Marta.Calvi@mi.infn.it

Abstract: New measurements have been performed by the four LEP Collaborations with data col-

lected at LEP at the Z0. The |Vcb| element has been determined both from the inclusive method,
which uses the semileptonic decay width of b decays, and the exclusive method, by studying the exclu-

sive B
0 → D∗+`−ν` decay process. The |Vub| element has been determined from inclusive charmless

semileptonic b-hadron decays, by studing the invariant mass spectrum of the hadronic system.

1. Introduction

Within the framework of the Standard Model of

electroweak interactions, the mixing of quarks in

the charged weak interactions is described by the

Cabibbo-Kobayashi-Maskawa matrix. The val-

ues of the matrix elements are free parameters,

constrained only by the requirement that the ma-

trix be unitary. The observed hierarchy in the

elements suggested to Wolfenstein the following

parametrization:

VCKM =


 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb


 =


 1− 12λ2 λ Aλ3(ρ− iη)

−λ 1− 12λ2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


+O(λ4)

The four parameters: λ = sin(θCabibbo), A, ρ and

η have to be measured by experiments. η 6= 0 is
required in order to generate CP violation. The

condition of unitarity: V †V = 1 implies rela-
tions between the four parameters which can be

visualized by triangles in the ( ρ , η ) plane. A

constraint relevant for transitions involving the

b quark is derived from the first and the third

column of the matrix:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

It is related to the triangle drawn in figure 1

where the length of the side CB has been rescaled

Figure 1: Unitarity triangle in the complex plane.

for Aλ3 = λ|Vcb|, and the corrections: ρ̄ = ρ(1−
λ2/2), η̄ = η(1− λ2/2) have been introduced.
The study of flavour physics, tests of the

Standard Model and its possible extensions and

understanding the source of CP violation require

the knowledge of all sides and angles of the Uni-

tarity Triangle and therefore a precise determi-

nation of the matrix elements |Vcb| and |Vub|.
Theoretical inputs are needed in order to eval-

uate |Vcb| and |Vub| from measured observables.
The values and the uncertainties adopted here

are those defined at the “Informal Workshop on

the Derivation of |Vcb| and |Vub|: Experimental
Status and Theory Uncertainties” held at CERN

beginning of June 1999. The conclusions of the

Workshop and the related references can be found

in [1].
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2. |Vcb| determination
Two experimental methods are available in or-

der to determine of |Vcb| with relatively small
theoretical uncertainties: the inclusive method,

which uses the semileptonic decay width of b de-

cays, and the exclusive method, where |Vcb| is
extracted by studying the exclusive B

0 → D∗+`−ν`
decay process.

2.1 |Vcb| determination from inclusive
b→ X`ν decays

In the inclusive determination, the partial width

for semileptonic B mesons decays to charmed

mesons is related to |Vcb| by [1]:

Γ(B → Xc`ν) = GF

192π3
m5b |Vcb|2f(

mc

mb
,
m`

mb
)γc

where f is a known phase space factor, depending

on the b and the c quark masses, and γc repre-

sents perturbative and non perturbative correc-

tions to the muon decay formalism.

Experimentally, the semileptonic width is de-

termined from the semileptonic branching ratio

and the lifetime:

Γ(B → Xclν) = BR(B → Xc`ν)
τB

.

In Z0 decays B0, B−, Bs and b-baryons are pro-
duced, so the inclusive semileptonic branching

ratio measured at LEP is an average over the

different produced hadrons. Assuming that all

b-hadrons have equal semileptonic width, the fol-

lowing relation holds:

BR(b→ Xc`ν)LEP = Γ(B → Xc`ν)×
(fB0τB0 + fB−τB− + fBsτBs + fΛbτΛb )

= Γ(B → Xc`ν)× τb (2.1)

where fB0 , fB− , fBs and fΛb are the production

fractions of B0, B−, Bs mesons and b-baryons re-
spectively, and τb = fB0τB0+fB−τB−+fBsτBs+

fΛbτΛb is the average b-hadron lifetime. There-

fore the semileptonic width can be obtained at

LEP using the inclusive semileptonic branching

ratio and the average b-hadron lifetime. The hy-

pothesis of equal semileptonic width may be in-

correct for b-baryons. Taking into account the
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DELPHI

Figure 2: DELPHI preliminary results. Compari-

son of data and simulation spectra. The simulation

spectra have been reweighted according to the result

of the fit. (a) Transverse momentum distribution

for single electrons and muons. (b) Combined mo-

mentum distribution for the two leptons in di-lepton

events, identified in opposite jets and having an op-

posite charge. (c) Combined momentum distribution

for the two leptons in di-lepton events, identified in

opposite jets and having the same charge. In (b)

and (c) the pminc refers to the minimum combined

momentum of the two leptons.

present precision of LEPmeasurements of b-baryon

semileptonic branching ratios and lifetimes, the

maximal possible correction to equation 2.1 is

about 2%.

The DELPHI Collaboration has presented

this summer preliminary results [3] on the inclu-

sive semileptonic branching ratios of b-hadrons.

Three inclusive branching ratios are measured:

the direct BR(b→ `) and the two cascade

2
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Figure 3: DELPHI preliminary results. Lepton momentum spectra in the b-hadron rest frame. The left

(right) plot shows the result of the fit with the ACCMM model to the like-sign (opposite-sign) sample.

BR(b→ c→ `) and BR(b→ c̄→ `).
Four different analyses are performed, only

two are described here. In the first, single lep-

ton spectra are studied in a sample of pure bb̄

events, selected by means of a b-flavour lifetime

tagging algorithm, applied to the hemisphere op-

posite to the lepton. A bb̄ purity of 95% with

an efficiency of 39% is achieved. A sample of

di-leptons in opposite jets is also used, where an

enriched bb̄ purity is obtained by requiring a min-

imum transverse momentum of one of the two

leptons. The sensitivity to the different sources

of leptons is given by the kinematic properties of

leptons from different sources and by the charge

correlation between di-leptons in opposite jets

from b and b̄ respectively. The branching ratios

are extracted from a maximum likelihood fit of

the Monte Carlo expectations to the data. The

lepton spectra are shown in figure 2.

In the second DELPHI analysis the inclusive

reconstruction of the charge and the momentum

of the b-hadron system is performed. In a sam-

ple of events enriched in bb̄ purity by means of a

lifetime b-flavour tag, B decay vertices are recon-

structed. For each charged particle a probability

that the particle originated from the b-hadron

decay vertex, rather than from fragmentation, is

calculated using an artificial neural network. Us-

ing these probabilities, a vertex charge is calcu-

lated. The correlation between the lepton charge

and the b-hadron charge is used to separate di-

rect from cascade leptons. The b-hadron momen-

tum is also reconstructed with a resolution of 7%.

Lepton momenta are fitted after boosting into

the b rest frame. Results are shown in figure 3.

The DELPHI results for the combination of

all analyses are:

BR(b→ `) = (10.65±
0.07(stat)± 0.25( syst )+0.42−0.28(model))× 10−2
BR(b→ c→ `) = (7.88±
0.13(stat)± 0.27( syst )+0.32−0.38(model))× 10−2
BR(b→ c̄→ `) = (1.71±
0.13(stat)± 0.36( syst )+0.19−0.25(model))× 10−2

The main contributions to the systematic errors

are the uncertainties in the lepton efficiencies and

misidentification probabilities, uncertainties re-

lated to the b-flavour tagging procedures and un-

certainties in the reconstruction and fitting pro-

cedures. The uncertainties due to the semilep-

tonic decay model are given separately.

The inclusive measurement of the OPAL Col-

laboration [4] also uses lifetime techniques to sup-

press the contribution from non-bb̄ events. A

sample of hemispheres containing a b-hadron is

selected with a purity of 92% and an efficiency

of 30%. A search for lepton candidates is made

in the hemisphere opposite to a b-tagged hemi-

sphere. Jet shape and momentum variables are

used in two artificial neural networks NNbl and

NNbcl trained respectively to distinguish direct

decays and cascade decays from all other sources

of leptons. The distributions of the neural net-

works outputs are compared for the data and

the Monte Carlo and a binned maximum like-

3
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lihood fit is performed to determine the fraction

of events coming from direct and cascade decays.

The network outputs are shown in figure 4.

The results are:

BR(b→ `) = (10.83±
0.10(stat)± 0.20( syst )+0.20−0.13(model))× 10−2
BR(b→ c→ `) = (8.40±
0.16(stat)± 0.21( syst )+0.33−0.29(model))× 10−2

The new measurement of the L3 Collabo-

ration [5] is a combined measurement of Rb =

Γ(Z → bb̄)/Γ(Z → hadrons) and the semilep-
tonic branching ratio, using a double tag tech-

nique. An event is split into two hemispheres de-

fined by the plane normal to the thrust axis and

for each hemispheres two criteria are applied in

order to enhance the b purity: one is based on

lifetime and the other on high pt leptons. The

number of tagged hemispheres, Nt, is related to

the total number of hadronic events, Nhad, by

the following equation:

Nt

2Nhad
= Rbεb +Rcεc + (1−Rc −Rb)εuds

where εb, εc and εuds are the tagging efficiencies

for b, c and light quark hemispheres. The number

of events with both hemispheres tagged, Ntt, is

given by:

Ntt

Nhad
= cbRbε

2
b + ccRcε

2
c + cuds(1−Rc −Rb)ε2uds

where the additional factors cb, cc and cuds quan-

tify residual correlations between the two hemi-

spheres. If a different b-flavour tagging algorithm

is applied, three additional equations can be de-

rived:

Nt′

2Nhad
= Rbε

′
b +Rcε

′
c + (1−Rc −Rb)ε′uds

Nt′t′

Nhad
= c′bRbε

′2
b + c

′
cRcε

′2
c +

c′uds(1−Rc −Rb)ε′2uds
Ntt′

Nhad
= c′′bRbεbε

′
b + c

′′
cRcεcε

′
c +

c′′uds(1−Rc −Rb)εudsε′uds
The measurements are used to determine the val-

ues ofRb, εb and ε
′
b, while cb, εc, εuds, c

′
b, ε
′
c, ε
′
uds, c

′′
b

are constrained to the values obtained from the

Monte Carlo simulation. The efficiency ε′b quan-
tifies the fraction of high p, pt leptons in a b-jets.

Therefore it is sensitive to the value of semilep-

tonic branching ratio of b-hadrons. This is ob-

tained from the comparison of the measured ef-

ficiency and the Monte Carlo reference one. The

final result is:

BR(b→ `) = (10.16±
0.13(stat) ± 0.27(syst))× 10−2 (2.2)

The average LEP value for the BR(b→ `) is
obtained from a global fit which combines all the

semileptonic branching ratios measurements at

LEP and the other correlated heavy flavour mea-

surements performed at LEP; namely the mea-

surements of the averageB0−B̄0 mixing parame-
ter and Rb [2]. In addition to the three presented

measurements of branching ratios, also the pre-

liminary ALEPH measurement [6] and the previ-

ous L3 measurement [7] are included. The result

for the average BR(b→ `) at LEP is:
BR(b→ `) = (10.58±
0.07(stat) ± 0.17(syst))× 10−2 (2.3)

The χ2 of the fit is 10.8/(17-5).

The largest single contribution to the sys-

tematic error is the uncertainty related to the

semileptonic decay model, which amounts to 0.08×
10−2. A model is needed to describe the lepton
spectra below the momentum cut. Thanks to the

boost of b quarks from Z0 decays, the lepton mo-

mentum cut, performed in the laboratory frame,

has a reduced importance with respect to similar

analyses performed on b-hadrons at rest. How-

ever the momentum resolution is diluted. Both

OPAL and L3 have performed fits with the aim

of constraining different semileptonic decay mod-

els. The sensitivity doesn’t seem to be sufficient

to rule out a specific model, but clear indications

are seen, as the fact that a contribution of more

than 20% for leptons originating from D∗∗decays
is needed. Additional studies are going on in the

ALEPH and DELPHI Collaborations.

The |Vcb| value is determinated from the in-
clusive branching ratio using the HQET results

[8, 1]:

|Vcb| = 0.0411
√
BR(b→ Xc`ν)

0.105

1.55

τb
×

4
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Figure 4: Distribution of the output variable for the neural networks NNbl and NNbcl for electrons. The

separate contributions of b→ `, b→ c→ ` and background are shown.

(
1− 0.024

(
µ2π − 0.5
0.1

))
×

(1± 0.030(pert)± 0.020(mb)± 0.024( 1
m3Q
))

The BR(b → Xu`ν) contribution is subtracted
from BR(b→ X`ν) using the LEP average value
of section 3 and the world average value of the

b-hadron lifetime [23]:

τb = 1.564± 0.014 ps (2.4)

is used. The result is:

|Vcb| = (40.75± 0.41(exp)± 2.04(theo))× 10−3

where the first error is experimental and the sec-

ond from theory. The contributions to the ex-

perimental error of the error on the semileptonic

branching ratio and the error on the lifetime are

±0.37× 10−3 and ±0.18× 10−3, respectively.

2.2 |Vcb| determination from exclusive de-
cays B

0 → D∗+`−ν`
In the exclusive determination, the value of |Vcb|
is extracted by studying the decay rate for the

process B
0 → D∗+`−ν` as a function of the recoil

kinematics of the D∗+ meson. The decay rate is
parameterized as a function of the variable w,

defined as the product of the four velocities of

the D∗+ and the B
0
mesons. This is related to

the square of the four momentum transfer from

the B
0
to the `−ν` system, q2, by:

w =
m2D∗+ +m

2
B0 − q2

2mB0mD∗+
(2.5)

and ranges from 1.0, when the D∗+ is produced
at rest in the B

0
rest frame, to about 1.5. Us-

ing HQET, the differential partial width for this

decay is given by:

dΓ

dw
= K(w)F2(w)|Vcb|2

where K(w) is a known phase space term and
F(w) is the hadronic form factor for the decay.
Although the shape of this form factor is not

known, its magnitude at zero recoil, w = 1, can

be estimated using HQET. In the heavy quark

limit (mb →∞), F(w) coincides with the Isgur-
Wise function ξ(w) [9, 10] which is normalised to

unity at the point of zero recoil. Corrections to

F(1) have been calculated to take into account
the effects of finite quark masses and QCD cor-

rections [11]. Calculations of this correction yield

[1]:

F(1) =
(
0.88− 0.024

(
µ2π − 0.5
0.1

))
×

(1 ± 0.035(excit)± 0.010(pert)± 0.025( 1
m3
))

= 0.88± 0.05

5
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Since the phase space factor K(w) tends to
zero as w → 1, the decay rate vanishes at w =
1 and a fit of the differential decay rate distri-

bution is performed over the whole kinematic

range. The accuracy of the extrapolation relies

on achieving a reasonably constant reconstruc-

tion efficiency in the region about w = 1. The

unknown function F(w) is approximated with
an expansion around w = 1. First measure-

ments of |Vcb| were performed assuming a lin-
ear expansion, i.e. neglecting the second order

terms. A positive curvature is however predicted

from basic considerations, and a relation between

the slope and the curvature [12] was used as a

constraint in later measurements. An improved

parametrization was recently proposed [13]. A

novel function A1(w) was introduced, and the
following approximation obtained:

A1(w) = A1(1)× {1− 8ρ2Az +
(53ρ2A − 15)z2 − (231ρ2A − 91)z3} (2.6)

where ρA is the slope parameter at zero recoil and
z = (

√
w + 1−√2)/(√w + 1+√2). In the limit

w → 1, A1(w) = F(w), so that A1(1) ' F(1).
The most recent result on exclusive decays

is from the DELPHI Collaboration [20]. An in-

clusive reconstruction of the D∗+`− system is
performed by tagging the slow π emitted in the

D∗+ → D0π+ decay. The pion charge is required
to be opposite to that of the lepton. The mass

difference ∆m =MDπ−MD is shown in figure 5;
all events with ∆m < 0.165 GeV/c2 were used as

D∗+ candidates. The shape of the combinatorial
background is well described by events with the

π and the lepton having the same charge.

The w variable is reconstructed as in equa-

tion 2.5, where q2 is obtained from q2 = (pB̄0 −
pD∗+). To improve the resolution on w the squared

recoil mass was also determinated, on the basis

of the event kinematics. It represents the square

of the mass of the neutrino and its value was con-

strained to zero. With this procedure only 5% of

the events were reconstructed outside the allowed

kinematic range 1 < w < 1.504. A minimum

χ2 fit was performed, comparing the number of

observed and expected events. The parametriza-

tion of equation 2.6 was used to describe the sig-
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Figure 5: DELPHI preliminary results. Mass dif-

ference ∆m = MDπ − MD. (a) opposite charge,
data (crosses), same charge (shaded area). (b) op-

posite charge, data after subtraction of the combi-

natorial background (crosses), resonant contribution

from simulation (shaded area) (c) simulation: com-

binatorial background from opposite charge (crosses)

compared to the equal charge combination, normal-

ized in the side band.

nal, obtaining:

A1(1)|Vcb| = (37.95± 1.34stat ± 1.59syst)× 10−3
ρ2A = 1.39± 0.12stat ± 0.18syst

The fit to the w distribution is shown in figure 6.

In order to extract the differential decay width

and the function A1, an unfolding procedure was
applied to the data, to cope with the non-negligible

smearing due to the experimental resolution. The

result for dΓ/dw is shown in figure 7.

In this and other D∗+ analyses, the domi-
nant source of physics background is the con-

tamination from intermediate charmed excited

states, collectively called D∗∗, which then decay
to a D∗+; as an example, B− → D∗∗0`−ν̄ with
D∗∗0 → D∗+π−. Evidence for the production of
resonant statesD1 andD

∗
2 have been reported by

the ALEPH [17] and CLEO [16] collaborations.
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Non-resonant states have not been identified at

present. Inclusive measurements of the decays

B → D∗`ν̄X have however been performed by
the ARGUS [18], ALEPH [17] and DELPHI [19]

collaborations using different techniques.

A precise description of the D∗∗ form fac-
tors is also required. Different models give non-

negligible differences in the results. Published

results are based on the old Isgur-Wise model,

which overestimates the rate of background near

the spectrum end point. Indeed, HQET predicts

that in the infinite charm mass limit, the rate

near w = 1 is suppressed by a further factor

(w2 − 1) when compared with the signal [15].
However, models in this extreme case fail to pre-

dict the fraction of resonant D∗∗ states. A more
precise treatment which accounts for O(1/mc)
corrections is proposed in [14]. Several possible

approximations of the form factors are provided.

To be conservative, at the present stage of the

analysis, the LEP systematic error due to the

modelling of the D∗∗ background was computed
as half the difference between the two extreme re-

sults obtained varying all the input parameters in

[14] over their full range. Future improvements

in this field are envisaged, both from new experi-

mental measurements of charmed excited states,

and from theory.

In the LEP average value of |Vcb|, the pub-
lished ALEPH [21] and OPAL[22] measurements

are included. Since the three LEP measurements

have been performed using different methods and

inputs, they must be brought onto the same foot-

ing before being averaged. They have been up-

dated by the LEP working group [1] to use the

Caprini-Lellouch-Neubert [13] extrapolating method,

the Ligeti [14] B
0 → D∗∗`−ν` model and the

same physics input parameters (such as b-hadron

production rates, charm branching ratios, etc.).

Table 1 lists the corrected results for the three

experiments.

After combining the above results, the LEP

average is:

F(1)|Vcb| = (33.8± 0.9(stat)± 1.9(syst))× 10−3
ρ2A = 1.00± 0.09± 0.14

The dominant systematic errors on F(1)|Vcb| are
listed in table 2.

The confidence level of the fit is 15%. The

error ellipse of the corrected measurement and of

the LEP average is shown in figure 8.

Using the theoretical estimate F(1)=0.88±
0.05, the |Vcb| average is:
|Vcb| = (38.4±1.1(stat)±2.2(syst)±2.2(theo))×10−3.

7
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experiment F(1)|Vcb| (×10−3) ρ2A
ALEPH 32.2± 2.1± 1.6 0.6± 0.3± 0.1
DELPHI 36.3± 1.4± 2.5 1.4± 0.1± 0.3
OPAL 34.2± 1.9± 2.7 1.1± 0.2± 0.2

Table 1: Experimental results corrected to the common inputs.

Source F(1)|Vcb| (%) ρ2A
Br(D→ Knπ) 1.0 0.01

Br(D∗+ → D0π+) 1.0 -

Γbb/Γhad 0.18 -

Br(b→ B0) 1.6 -

B− → D∗X`ν̄ 4.5 0.16

B̄→ D∗Xc 0.18 -

B̄→ D∗τ ν̄ 0.25 -

Detector 2.1 0.10

Fragmentation 0.9 -

B0 lifetime 1.6 -

Total syst. 5.7 0.19

Statistical 2.7 0.09

Table 2: The dominant systematic errors on

F(1)|Vcb|.
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Figure 8: Error ellipses (1 sigma) of the corrected

measurements and LEP average |Vcb| using the ex-
clusive method.

2.3 Inclusive and exclusive |Vcb| average
The inclusive and exclusive measurements are

highly independent and can be averaged obtain-

ing a |Vcb| value with a total error smaller than
5%. Indeed |Vcb| is now the second best mea-

Vcb (10-3)

30 32 34 36 38 40 42 44 46 48

Vcb (10-3)

LEP Average

LEPWG

  40.2±   1.9

Vcb Inclusive   40.8±   0.4±2.0

Vcb Exclusive   38.4±   2.5±2.2

Figure 9: |Vcb| LEP average from inclusive and
exclusive methods

sured parameter of the CKM matrix, after λ.

The average, as shown in figure 9, is:

|Vcb| = (40.2± 1.9)× 10−3 (2.7)

where within the total error of 1.9, 1.5 comes

from uncorrelated sources and 1.2 from corre-

lated sources. The most important source of

correlations between the inclusive and exclusive

methods comes from theoretical uncertainties in

the evaluation of µπ [1]. For the experimental

systematic errors, theoretical uncertainties in the

modelling of b→ ` decays and the exact amount
of b→ D∗∗decays are taken as fully correlated.

3. |Vub| determination
The isolation of b quark decays to charmless states

is not an easy task, since the charmed decays,

which we have just considered in the previous

section, have a rate larger by about two orders of

magnitude. Semileptonic transitions b → Xu`ν
are usually studied, where Xu may represent any

8
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Figure 10: (a) Hadronic invariant mass distribu-

tion in b → Xu`ν decays and (b) lepton momentum
distribution calculated in the b-hadron rest frame.

In the two plots the shaded area indicates the region

inaccessible to b→ c transitions.

charmless state, like π, η, ω, ππ, πππ, etc. Exclu-

sive searches, such as B → π`ν or B → ρ`ν have
an experimentally well defined strategy, based on

mass peak reconstruction. However large theo-

retical uncertainties affect the evaluation of the

transition amplitudes, leading to a model depen-

dent measurement of the matrix element |Vub|.
Inclusive measurements are thus pursued. These

are experimentally more difficult, because the re-

construction of all decay particles in the event is

needed, but theoretical calculations are available

with an uncertainty of about only 5%. At the

Υ(4S) a clear signal of charmless semileptonic de-

cays has been found in an excess of events in the

end-point region of the lepton momentum distri-

bution, above charm threshold (2.3 GeV/c< p <

2.6 GeV/c). However, in order to extract the

value of |Vub/Vcb|, an extrapolation is needed
from this small phase space region to the low

momentum region, leading again to a model de-

pendent measurement. Kinematics at LEP are

different: the boost of the b-hadrons and the

good separation of the two initial state quarks

imply back to back decay products that hardly

mix. As a consequence, the hadronic system in

b → Xu`ν candidates can be analyzed, and an
extended phase space region can be studied, re-

ducing the model dependence of the result. As

shown in figure 10 from reference [25], 90% of

b → Xu`ν decays are expected to have an in-

variant mass MXu < 1.87 GeV/c
2, below charm

threshold, while only 10% of these decays have

a lepton with energy E∗` above the kinematic
boundary for b→ c transitions.
The other sources of background to the b→

Xu`ν signal are: hadronic b decays to charmed

hadrons which then undergo semileptonic decay,

hadronic Z0 decays to charm or light quarks and

possible lepton misidentification in the full sam-

ple of hadronic Z0 decays. All these sources of

background are largely depleted by the same se-

lection criteria devised to enhance the ratio be-

tween b→ Xu`ν and b→ Xc`ν events.
In the ALEPH [25] analysis, events with a

candidate lepton are selected and a lifetime b tag

is applied to the hemisphere opposite to the lep-

ton one. Particles originating from the hadronic

system Xu are selected using two artificial neural

networks trained respectively to separate neutral

and charged particles of b decays from fragmenta-

tion particles. In order to reconstruct the boost

of the b-hadron, the three-momentum vector of

the neutrino is estimated from the missing mo-

mentum in the lepton hemisphere and it is added

to the momentum of the lepton and the momenta

of the selected decay particles. A momentum and

angular resolution of 4.5 GeV/c and 60 mrad

respectively, are obtained. The discrimination

between the b → Xu`ν signal decays and the

b → Xc`ν background is based on the fact that
the mass of the c quark is heavier than that of

the u quark, leading to different kinematic prop-

erties for the two final states. Twenty variables,

characterizing both the leptonic and the hadronic

part, are combined in an artificial neural network

NNbu with a reduced sensitivity to the composi-

tion of the Xu system. The network outputs, as

obtained from simulation and compared to data,

are shown in figure 11 and 12.

The branching ratio is fitted from the NNbu
distribution of the data, with a binned likelihood

fit, in the region 0.6 < NNbu < 1, where 50% of

the signal is expected to lay. In this region an

excess of 303± 88 events is found. The result of

9
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0

0.1

0.2

0.3

0 0.2 0.4 0.6 0.8 1

NNbu

Figure 11: ALEPH analysis: output of the NNbu
for signal b → Xu`ν transitions (solid line) and b →
c background (dotted line). The two Monte Carlo

distributions are normalized to the same area.

the fit is:

BR(b→ Xu`ν) = (1.73± 0.55(stat)±
0.51(syst b→ c) ± 0.21(syst b→ u))× 10−3

The systematic uncertainties have been sep-

arated in contributions due to the b → c transi-
tions and those due to the modelling of b → u
transitions and are described in table 3. The

cut on NNbu induces only small distortions on

the lepton momentum distribution and on the

hadronic mass spectrum. The residual model

dependence has been studied varying all the pa-

rameters in the model used to simulate the sig-

nal. This is an hybrid model [26] where reso-

nant states are considered at low hadronic en-

ergy, while for large energy non-resonant multi-

pion final states are expected to dominate.

One candidate event B0 → ρ−e+νe(ρ− →
π−π0) is shown in figure 13.
The L3 measurement of |Vub| is also an in-

clusive reconstruction of b → Xu`ν events. The
selection criteria to enhance the b→ Xu`ν signal
over the background are based on cuts on eight

discriminant variables constructed with the four-

momenta of the lepton and of the two most ener-

getic particles contained in the same hemisphere

of the lepton. The combined system of the lep-

ton and the most energetic particle is a better

10 3

10 4

0 0.2 0.4 0.6 0.8 1

b → u l ν
b → c l ν
b → c → l
otherev

en
ts

 / 
0.

1
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NNbu
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Figure 12: ALEPH analysis: neural network

output NNbu (a) comparison between data (points)

and Monte Carlo (histogram), (b) difference between

data and Monte Carlo with no b → u contribution
(histogram)

approximation to the b-hadron in b→ Xu`ν than
in b → Xc`ν transitions, since less particles are
missing in this approximation.

The efficiency for b→ Xu`ν is 1.5 % and an
excess of 81 events is found after the application

of all selection cuts. The measured branching

ratio is:

BR(b→ Xu`ν) = (3.3± 1.0(stat)±
1.66(syst b→ c) ± 0.55(syst b→ u))× 10−3

A breakdown of the systematic uncertainties is

presented in table 4.

10
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Figure 13: View of the scanned B0 → ρ−e+νe event, with ρ− → π−π0 and π0 → γγ. The right plot
shows a close up rφ view of the interaction point and the upper left insert shows the energy deposited in the

electromagnetic calorimeter by the photons coming from the π0 decay.

Source ∆ BR(b→ Xu`ν)
b-hadron production ± 0.16 10−3
b-hadron decay ± 0.31 10−3
c-hadron decay ± 0.37 10−3

lepton identification ± 0.08 10−3
Total b→ c uncertainty ± 0.51 10−3
Hybrid model cutoff ± 0.08 10−3
Exclusive model ± 0.05 10−3
Inclusive model ± 0.18 10−3
Λb modelling ± 0.04 10−3

Total b→ u uncertainty ± 0.21 10−3

Table 3: Main estimated contributions to the sys-

tematic uncertainty on the ALEPH measurement of

BR(b→ Xu`ν).

Figure 14 shows the lepton momentum spec-

trum in the B rest frame for events passing the

final selection in the b→ Xu`ν Monte Carlo sam-
ple, demonstrating that this analysis is sensitive

to a large fraction of the spectrum.

Source ∆ BR(b→ Xu`ν)
b-hadron production ± 0.68 10−3
b-hadron decay ± 1.42 10−3
Detector effects ± 0.52 10−3

Total b→ c uncertainty ± 1.66 10−3
Monte Carlo statistics ± 0.06 10−3
Exclusive π rate ± 0.19 10−3
lepton spectrum ± 0.04 10−3
π spectrum ± 0.27 10−3
Λb rate ± 0.43 10−3

Total b→ u uncertainty ± 0.55 10−3

Table 4: Main estimated contributions to the

systematic uncertainty on the L3 measurement of

BR(b→ Xu`ν).

As a cross check of the result, the eight dis-

criminant variables have been combined in an ar-

tificial neural network, whose output is shown in

figure 15, obtaining compatible results.

DELPHI has performed a determination of

11
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Figure 14: The Monte Carlo lepton momentum

spectrum for the b→ Xu`ν transitions in the B rest
frame. The curve shows the generated spectrum and

the histogram the spectrum after the final selection.

The arrows show the momentum range forbidden for

b→ Xc`ν transitions.
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Figure 15: The neural network output distribution

for the hemispheres selected by the final selection

criteria for the data, the background and the signal

Monte Carlo samples.

the ratio |Vub/Vcb|[27] by a fit to the shape of
the full spectrum of the lepton energy in the

B rest frame, for b semileptonic decays with re-

constructed hadronic invariant mass significantly

smaller than the D mass. The reconstruction

of the secondary hadronic system was performed

with an inclusive method, using as a seed the

identified lepton. Samples enriched and depleted

in b → u transitions have been defined using

two criteria. The first criterion considers the sec-

ondary vertex topology. The impact parameter

w.r.t. the secondary vertex is computed for each

lepton and a sign is attributed using the lifetime

convention: it is signed negative if it appears to

originate between the primary and the secondary

vertex and positive if it originates in front of the

secondary vertex. In b → Xc`ν decays the sec-
ondary vertex corresponds to the D decay ver-

tex, therefore leptons originating at the B decay

vertex should appear with negatively signed im-

pact parameters. On the contrary, in b → Xu`ν
transitions the secondary vertex coincides with

both the B decay vertex and the lepton produc-

tion point, therefore the impact parameter sign-

ing depends only on resolution effects. Decays

with a significantly negative lepton impact pa-

rameter were assigned to a b→ u depleted class.
The second criterion considers that the presence

of identified kaons in the same hemisphere as the

lepton is an indication of a cascade decay b → c
followed by a c → s decay, while in b → u tran-
sitions the presence of strange particles is sup-

pressed. The invariant mass MX of the recon-

structed secondary hadronic system for enriched

and depleted b→ u events is shown in figure 16.
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Figure 16: DELPHI analysis: invariant mass MX
of the reconstructed secondary hadronic system in

selected decays for real data (points with error bars)

and simulation (histogram). Upper plot: b → u de-
pleted sample, medium plot: b→ u enriched sample
and lower plot: b→ u signal.
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The distribution of the lepton energy in the

B rest frame, for events with small hadronic in-

variant mass is shown in figure 17 and 18.
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Figure 17: DELPHI analysis: background sub-

tracted E∗ distributions for events with an hadronic
invariant mass MX < 1.6 GeV/c2. Upper plot:

b → u enriched decays. Lower plot: b → u de-

pleted decays. The shaded histograms show the ex-

pected E∗` distribution for signal decays normalized
to the amount of signal corresponding to the fitted

|Vub/Vcb| value.

The number of selected events and their E∗

distribution have been used to extract the value

of |Vub/Vcb| by a simultaneous binned maximum
likelihood fit to the different samples of events,

obtaining the following result:

|Vub/Vcb| = 0.100± 0.011(stat)
±0.018(syst)± 0.009(model)

A breakdown of the systematic uncertainties is

presented in table 5.

Alternatively, the value of |Vcb| has been fixed
to extract the b→ Xu`ν branching ratio:

BR(b→ Xu`ν) = (1.56± 0.38(stat)±
0.52(syst)± 0.23(model))× 10−3

The average BR(b→ Xu`ν) at LEP has been
calculated taking into account the correlation be-

tween experiments in the modelling of b→ c and

 E* l (GeV)

100

200

300

400

500

0 0.5 1 1.5 2 2.5 3

Figure 18: E∗ distribution for the decays in the
b→ u enriched class with MX < 1.6 GeV/c2. Points
with errors bars: data, light shaded histogram: back-

grounds, dark shaded histogram: signal normalized

to the fitted fraction of events.

Error source ∆ (|Vub/Vcb|)
charm decay ± 0.009

b-hadron production and decay ± 0.011
Detector effects ± 0.010
b→ u modelling ± 0.009

Table 5: Main estimated contributions to the sys-

tematic uncertainty on the DELPHI measurement of

|Vub/Vcb|

b → u transitions. The result, as shown in fig-
ure 19, is:

BR(b→ Xu`ν) = (1.67± 0.35(stat)±
0.38(syst b→ c)± 0.20(syst b→ u))× 10−3

In order to extract the value of the |Vub|
matrix element, the following expression is used

[24, 1]:

|Vub| = 0.00445
√
BR(b→ Xu`ν)

0.002

1.55

τb
×

(1± 0.010(pert)± 0.035(mb)± 0.030( 1
m3b
))

where τb is the world average value of the b-

hadron lifetime: τb = 1.564 ± 0.014 ps. The

13
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0 1 2 3 4 5 6
Br(b  → Xu l νl) × 103

statistical + detector error

b → c error

b → u modelling error

ALEPH
1.73±0.56±0.51±0.21

DELPHI
1.56±0.46±0.44±0.22

L3
3.3±1.3±1.4±0.5

LEP average
1.67±0.35±0.38±0.20

Figure 19: Average of BR(b→ Xu`ν) values mea-
sured at LEP.

result is:

|Vub| = (4.05+0.62−0.74)× 10−3

4. Constraints on Unitarity Triangle

As an example of the power of the presented

measurements to constrain the parameters of the

Unitarity Triangle, the results obtained in refer-

ence [29] are reported here. The method used

consists of determining the ρ̄ and η̄ values by

building up their two dimensional probability dis-

tributions. The errors on the measurements are

taken as having either Gaussian or uniform dis-

tributions, depending on the source of the er-

ror. The complete table of input quantities can

be found in [29]. Figure 20 shows the allowed

regions in the ( η̄ , ρ̄) plane with and without

including the constraint coming from K0 mea-

surements. The fitted values, including the con-

straint coming from K0 measurements, are:

ρ̄ = 0.214+0.055−0.062 η̄ = 0.340± 0.040

It is remarkable that the probability for ρ̄ to lie

in the negative plane region is smaller than 1%.
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Figure 20: Constraints in the η̄,ρ̄ plane. In the

upper plot the constraint coming from K0 measure-

ments is not included. The 68% and 95% CL con-

tours are shown.

5. Conclusions

New measurements have been performed by the

four LEP Collaborations with data collected at

LEP at the Z0. The average result obtained for

the |Vcb| element from inclusive and exclusive
measurements is:

|Vcb| = (40.2± 1.9)× 10−3 (5.1)

From inclusive charmless semileptonic b-hadron

decays the average value of |Vub| is:

|Vub| = (4.05+0.62−0.74)× 10−3
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