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19 Universit́e de Paris-Sud, Lab. de l’Accélérateur Lińeaire, IN2P3-CNRS, B̂at. 200, F-91405 Orsay Cedex, France
20 School of Physics and Chemistry, University of Lancaster, Lancaster LA1 4YB, UK
21 LIP, IST, FCUL - Av. Elias Garcia, 14-1o, P-1000 Lisboa Codex, Portugal
22 Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
23 LPNHE, IN2P3-CNRS, Universités Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, F-75252 Paris Cedex 05, France
24 Department of Physics, University of Lund, Sölvegatan 14, S-22363 Lund, Sweden
25 Universit́e Claude Bernard de Lyon, IPNL, IN2P3-CNRS, F-69622 Villeurbanne Cedex, France
26 Univ. d’Aix - Marseille II - CPP, IN2P3-CNRS, F-13288 Marseille Cedex 09, France
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Abstract. B0
d meson oscillations are measured in hadronic

Z0 decays using the charge of a lepton or the mean charge
of an event hemisphere to sign the presence of ab or a b
quark when it is produced, and using the charge of a lepton
emitted at large pt or of a D∗± to sign the presence of a B
or a B̄ meson when it decays. With 3.2 million hadronic Z0

decays registered by DELPHI between 1991 and 1994, the
mass difference∆md between the two physical B0

d states is
measured in four channels:

∆md = 0.523± 0.072± 0.043 ps−1 (D∗± −Qhem)

∆md = 0.493± 0.042± 0.027 ps−1 (`−Qhem)

∆md = 0.499± 0.053± 0.015 ps−1 ((π∗ − `)−Qhem)

∆md = 0.480± 0.040± 0.051 ps−1 (`− `).

Taking into account the statistical overlap between these
measurements and the common systematic uncertainties, the
combined result is:

∆md = 0.497± 0.035 ps−1.

1 Introduction

In the Standard Model, B0d − B0
d mixing is a direct con-

sequence of second order weak interactions. Starting with
a B0

d meson produced at timet=0, the probability,P , to
observe a B0d decaying at the proper timet can be written,
neglecting effects from CP violation:

P (B0
d → B0

d) =
Γd
2
e−Γdt{cosh(

∆Γd
2

t) + cos(∆mdt)}(1)

whereΓd = ΓHd +ΓLd
2 , ∆Γd = ΓH

d − ΓL
d , ∆md = mH

d −mL
d ,

and L and H denote the light and heavy physical states
respectively. The oscillation frequency gives a direct mea-
surement of the mass difference between the two physical
states. The Standard Model predicts that∆Γd � ∆md, in
which case the above expression simplifies to :

P unmix.
B0
d

= P (B0
d → B0

d) = Γde
−Γdt cos2(

∆mdt

2
) (2)

and similarly:

P mix.
B0
d

= P (B0
d → B0

d) = Γde
−Γdt sin2(

∆mdt

2
) (3)

Keeping only the dominant top quark contribution,∆md

can be expressed in terms of Standard Model parameters [1]:

∆md =
G2
F

6π2
|Vtb|2 |Vtd|2 mt

2 mBd f
2
Bd

BBd ηB F (xt). (4)

In this expressionGF is the Fermi coupling constant,Vtb and
Vtd are elements of the CKM matrix,fBd andBBd are the
pseudoscalar decay constant and the bag factor respectively
and are of non-perturbative origin,ηB represents the short
distance QCD corrections to the relevant box diagrams, and
F (xt), with xt = mt

2

m2
W

, results from the evaluation of the box

diagram and is expressed by the following formula:

F (xt) =
1
4

+
9
4

1
1− xt

−3
2

1
(1− xt)2

− 3
2

x2
t

(1− xt)3
lnxt.(5)

The present uncertainty on the top mass measurement,
mt = 175± 9 GeV/c2 [2], gives an 11% uncertainty on the
evaluation of∆md. The scale for the evaluation of pertur-
bative corrections entering intoηB and of the running of
the t quark mass, have to be defined in a consistent way.
The measured value of the pole quark mass has to be cor-
rected downward by 7± 1 GeV/c2 [3]. In the MS scheme
the following values have been obtained:

mt = 168± 9 GeV/c2, ηB = 0.55± 0.01 (6)

The largest theoretical uncertainties originate in the evalua-
tion of the parametersfBd andBBd and from|Vtd| (Vtb is
close to unity, assuming the unitarity of the CKM matrix).
Precise measurements of∆md will bring a constraint on
these parameters and, if progress is accomplished in lattice
QCD evaluations offBd andBBd , |Vtd| can be determined.

The time integrated mixing probability,

χd =
x2
d

2(1 + x2
d)

(7)

with xd = ∆md

Γd
, has been measured at theΥ (4S) [4] and ¯χ =

fdχd +fsχs wherefd andfs are theBd andBs fractions in
b jets, has been measured at LEP and at hadron colliders [5].
Numerous measurements of time dependent oscillations of
B0
d mesons, which determine∆md directly, have been made

at LEP [6].
The present measurements of∆md were obtained using

3.2 million hadronicZ0 decays registered by DELPHI be-
tween 1991 and 1994. The principle of the method is that,
after dividing the charged and neutral particles from a Z0

decay into two hemispheres separated by the plane trans-
verse to the sphericity axis, aproduction signis defined in
one hemisphere which is correlated with theb/b̄ nature of
the initial quark at the production point, while in the other
hemispherea) the decay time of the B hadron candidate is
evaluated, andb) a decay signis defined, correlated to the
B/B nature of the decaying hadron.

In the analyses reported here, either the charge of a high
pt lepton, or the measurement of the momentum-weighted
sum of the charges of the particles present in the hemisphere
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(the hemisphere-charge Qhem), is used to define the produc-
tion sign. The decay sign is obtained either from the sign of
another highpt lepton, or from the charge of a D∗±. The
latter gives, in addition, an enrichment in B0

d of the selected
event sample.

Two types of analysis are presented. In the analysis based
on the exclusive reconstruction of D∗± decays, the decay
distance of the D0 and the central value of the B momentum
are used to evaluate the B meson decay time. The other
three analyses are based on more inclusive reconstructions of
semileptonic B decay channels, and they all use an algorithm
that has been developed to measure both the position of the
B decay vertex and the B momentum from the lepton and
all other particles present in the same jet as the lepton.

Section 2 describes the components of the DELPHI de-
tector which are important for this analysis. Section 3 ex-
plains the event selection and Monte Carlo simulation. The
measurement of theb quark charge using the jet-charge is
described in Sect. 4. Section 5 gives the measurements of
∆md from the exclusive reconstruction of D∗± decays. Sec-
tion 6 presents the three inclusive measurements of∆md.
Finally, the combined result is given in Sect. 7.

2 The DELPHI detector

The events used in this analysis were recorded with the DEL-
PHI detector at LEP running near the Z0 peak. The perfor-
mance of the detector is described in [7]. The relevant parts
for lepton identification are the muon chambers and the elec-
tromagnetic calorimeters. The Vertex Detector (VD) is used
in combination with the central tracking devices to measure
precisely the charged particle trajectories close to the beam
interaction region.

The DELPHI reference frame is defined withz along the
e− beam,x towards the centre of LEP, andy upwards. The
angular coordinates are the polar angleθ, measured from the
z axis, and the azimuth angleφ, measured from thex-axis.
R is the radial distance from thez-axis.

The muon chambers are drift chambers located at the
periphery of DELPHI. The barrel part (−0.63 < cosθ <
0.63) is composed of three sets of modules, each of two
active layers, that givez andRφ coordinates. In the forward
part, two layers of two planes give thex andy coordinates
in the transverse plane. The precision of these detectors has
to be taken into account for muon identification: it has been
measured to be±1 cm inz and±0.2 cm inRφ for the barrel
part, and±0.4 cm for each of the two coordinates given by
the forward part. The number of absorption lengths in front
of the muon chambers, which largely determines the hadron
contamination, is approximately 8 forθ = 90◦.

Electrons are absorbed in the electromagnetic calorime-
ters. The High density Projection Chamber (HPC), which
covers the angular region used in this analysis, provides three
dimensional information on electromagnetic showers. It has
18 radiation lengths thickness forθ = 90◦.

During the first part of the data taking period (1991 to
1993), the Vertex Detector [8] consisted of three concentric
shells of silicon strip detectors, at average radii of 6.3, 9
and 11 cm, that measured the coordinates of charged parti-
cle tracks in the transverse plane with respect to the beam

direction (Rφ) with a precision of±8 µm. The association
of this detector with the central tracking system of DELPHI,
consisting of the Time Projection Chamber (TPC) and the
Inner and Outer Detectors, gave

√
202 + (65/p)2 µm (p in

GeV/c units) precision on the transverse impact parameter
of charged particles with respect to the primary vertex. For
the data registered in 1994, the inner and outer shells of
the VD were equipped with double-sided detectors, provid-
ing additional accurate measurements of the charged particle
trajectories along the beam direction (z). The single hit pre-
cision of thez coordinate is a function of the incident angle
of the track, reaching a value of±9 µm for tracks perpen-
dicular to the modules.

The 192 sense wires of the TPC measure the specific en-
ergy loss, dE/dx, of charged particles, as the 80% truncated
mean of the amplitudes of the wire signals, with a mini-
mum requirement of 30 wires. This dE/dx measurement is
available for 75% of charged particles in hadronic jets, with
a precision which was measured to be±6.7% in the mo-
mentum range 4< p < 25 GeV/c. It was used in electron
identification.

To identify kaons with momenta between 3 and 15 GeV/c
(this range corresponds to the typical momentum for kaons
from a B decay), the gas radiator of the barrel Ring Imaging
CHerenkov detector (RICH) [9] is used: below 8.5 GeV/c,
it works in the veto mode (kaons and protons give no
Cherenkov photons and are thus distinguished from pions
and leptons, but not from each other); above this thresh-
old, kaons are distinguished from all other charged particles
by measuring the radius of the ring of detected Cherenkov
photons.

3 Event selection and simulation

Each event was divided into two hemispheres separated by
the plane transverse to the sphericity axis. Hadronic decays
of the Z0 were selected by requiring the total energy of the
charged particles in each hemisphere to exceed 3 GeV (as-
suming all charged particles to be pions), the total energy
of the charged particles to exceed 15 GeV, and at least 5
charged particles with momenta above 0.2 GeV/c. A clus-
tering analysis based on the JETSET algorithm LUCLUS
with default parameters [10] was used to define jets, using
both charged and neutral particles. These jets were used to
compute thept of each particle in the event, defined as its
momentum transverse to the axis of the rest of the jet it
belonged to, after removing the particle from its jet.

Simulated events were generated using the JETSET 7.3
program [10]. Semileptonic B hadron decays were simulated
using the ISGW model [11]. These events were followed
through the full simulation of the DELPHI detector (DEL-
SIM) [7].

The values of the parameters which are relevant for the
four analyses of this paper are given in Table 1.
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Table 1. Relevant parameters used in the analyses. The quantityBr∗∗
is defined as the branching fraction for a B meson to decay into the
D∗(0,+)X`−ν` final state with the D∗(0,+)X system originating from a
D∗∗ decay. The quantityBr∗, is the branching fraction of a B hadron
into D∗±`−ν`. (†) The values offd and fs were determined following
the procedure explained in [15] usingχs = 0.5 and the values ofχ and
χd given in the Table. The error onfd is dominated by the uncertainty on
fb−baryon. The error onfs receives similar contributions from the errors
on χ andχd

Parameter mean value and error Ref.

Inclusive B lifetime (1.549± 0.020) ps [12]

B+ lifetime (1.62± 0.06) ps [12]

Bd lifetime (1.56± 0.06) ps [12]

Bs lifetime (1.61± 0.10) ps [12]

b-baryon lifetime (1.14± 0.08) ps [12]

Br(b→ `) (11.13± 0.29)% [12]

Br(b→ c→ `) (7.9± 0.8)% [12]

Br(b→ c→ `) (1.3± 0.5)% [12]

Br(c→ `) (9.5± 0.9)% [13]

χ 0.1217± 0.0046 [14]

χd 0.175± 0.016 [12]

Br∗∗u (1.0± 0.2± 0.1)% [15]

Br∗∗d (0.5± 0.1± 0.1)% [15]

Br∗∗s (0.4± 0.4)% [15]

Br∗ (4.53± 0.32)% [15]

< XE > 0.71± 0.01 [16]

fb−baryon (8.7± 2.9)% [15]

fd (40.5± 2.0)% (†)
fs (10.2± 2.0)% (†)

4 b(b) tagging using the hemisphere charge

The mean charge of an event hemisphere was defined as

Qhem =

∑n
i=1 qi(pi .es)κ∑n
i=1(pi .es)κ

, (8)

where qi and pi are the charge and the momentum of the
particlei respectively,es is the unit vector along the spheric-
ity axis,κ is an adjustable parameter which was put equal to
0.6, and the sum is extended over all charged particles in the
hemisphere. The correctness of theb charge determination
depends on theb hadron type and, for Bd and Bs mesons, it
is also sensitive to the time-integrated value of the mixing.

The value chosen forκ corresponds to the best separa-
tion between theQhem distributions of theb and b̄ quarks
according to the simulation. For purebb events, if ab can-
didate is selected by requiring Qhem > 0.0, the fraction
of correct tags,εQb , is (64.2± 0.2)%. In order to improve
εQb , events were selected by requiring|Qhem| to be larger
than a certain smallest value∆Qhem. If ftag. is the fraction
of taggedb or b events after this requirement, the statisti-
cal significance of a signal from oscillations is proportional
to
√
ftag. × (2εQb − 1), and was found using simulated

events to be optimized for a value of∆Qhem = 0.1, yield-
ing εQb = 68.8% andftag. = 67.5%. Therefore, this value of
∆Qhem was used.

The value of the tagging purity,εQb , depends on details
of the hadronization ofb quarks, of B hadron decay prop-
erties and production rates, and of the capabilities of the

charged particle reconstruction algorithm. In order to reduce
systematic uncertainties,εQb was measured, simultaneously
with ∆md, directly from the data. For non-bb events, there
is no genuine oscillating component. The fractions of these
events classified as mixed,εmix.

c and εmix.
h corresponding

to charm and light quark flavours respectively, were deter-
mined by simulation. The uncertainties on these parameters
were obtained by comparing the values of the tagging puri-
ties in b events expected from the simulation and measured
in the data.

5 Measurement of∆md in events with an exclusively
reconstructed D∗±

This measurement is based on the reconstruction of a D∗±.
The measurement of B0

d − B0
d mixing was performed by

correlatinga) the sign of the D∗± charge, which tags the B
flavour at the time of decay (since D∗− in these events are

mainly produced from B0d and D∗+ from B0
d), with b) the

mean hemisphere charge in the hemisphere opposite to the
D∗±. If the B0 meson decaying into a D∗± has oscillated,
the D∗± charge and the chargeQhem of the hemisphere
opposite to the D∗± should be of unlike sign; if it has not
oscillated, they should be of like sign.

5.1 Event selection

The D∗± candidates were selected by reconstructing the
decay chain D∗+ → D0π+ followed by D0 → K−π+,
D0 → K−π+π0, or D0 → K−π+π+π− 1. The selection crite-
ria relied mainly on the small mass difference between D∗+

and D0 mesons.
The decays D0 → K−π+ and K−π+π0 were recon-

structed by combining all pairs of particles of opposite
charge where each particle had a momentum greater than
1 GeV/c. The invariant mass of the pair was calculated as-
signing in turn the kaon or the pion mass to each of the
particles. Theπ0 in the D0 → K−π+π0 decay was not re-
constructed.

The decay D0 → K−π+π+π− was reconstructed by ana-
lyzing all four track combinations of zero total charge. The
kaon mass hypothesis was assigned in turn to each charged
particle, and a minimum momentum of 2 GeV/c was re-
quired for the kaon and of 0.4 GeV/c for the pions.

Then, all other pion candidates with momentum between
0.4 GeV/c and 4.5 GeV/c and with a charge opposite to the
kaon charge were considered for a D∗+ candidate.

The ratio of the D∗+ energy to the beam energy (XD∗ =
ED∗/Ebeam) was required to be between 0.15 and 0.50. The
lower bound was chosen to reject a large part of the combi-
natorial background, while the upper bound was selected to
reject a large part of thecc background, since D∗± mesons
produced inbb events have a softer energy spectrum than
those produced incc events. About 50% of the D∗± coming
from cc are rejected by requiringXD∗ < 0.5, whereas about
85% of the D∗± from bb are retained.

Further selection criteria were applied which depend on
the specific decay channel.

1 Charge conjugates of all the decays are always implicitly included
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Fig. 1. Distribution of ∆M for a Kπ , b Kππ0 and c Kπππ D0 de-
cay candidates. The results of the fits, with signal and background shapes
described in the text, are superimposed

– D0 → K−π+.
The mass of the D0 candidates had to be between 1.79
and 1.94 GeV/c2 for XD∗ > 0.25 or between 1.82 and
1.90 GeV/c2 for 0.15< XD∗ < 0.25. To reduce the com-
binatorial background, the cosine of the angleθ∗ between
the D0 flight direction in the laboratory and the kaon
direction in the D0 rest frame had to exceed−0.8 for
0.25< XD∗ < 0.50 and−0.6 for 0.15< XD∗ < 0.25.
Tighter requirements on the D0 mass and on cosθ∗ were
necessary inXD∗ range 0.15< XD∗ < 0.25, because
of the larger combinatorial background. The distribution
of the mass difference∆M = M (K−π+π+)−M (K−π+)
obtained after applying the above selection criteria is
shown in Fig. 1a. In the range of∆M between 0.1445
and 0.1465 GeV/c2, 3409 events are observed of which
about 70% are expected to be true D∗±.

– D0 → K−π+π0.
Tighter selection criteria were applied than for the D0 →
K−π+ channel since , because of the worse mass reso-
lution due to the missingπ0, a greater combinatorial
background is present.XD∗ had to be greater than 0.25,
whereED∗ was obtained from the sum of the kaon and
charged pion energies. The invariant mass distribution of
the K−π+ candidates does not peak at the nominal D0

mass value, because theπ0 is not reconstructed. Instead,
a broad peak in the invariant mass is observed around

1.60 GeV/c2, which corresponds to the kinematical con-
figuration with low energyπ0’s. Thus, the mass of the
D0 candidates was required to lie between 1.55 and 1.70
GeV/c2. The value of cosθ∗ was required to be greater
than−0.8. The dE/dx measurement in the TPC and the
kaon identification in the RICH detector were used to
validate the kaon assignment for the D0 candidate. If
no particle identification was available, the particle was
kept as a kaon candidate. The distribution of the mass
difference∆M obtained by applying the above selec-
tion criteria is shown in Fig. 1b. In the range of∆M
between 0.140 and 0.152 GeV/c2, 3610 events are ob-
served; about 55% are expected to be true D∗±.

– D0 → K−π+π+π−.
The invariant massM (K−π+π−π+) was required to be
between 1.84 and 1.88 GeV/c2. A fit to a common
vertex was performed with the five tracks from the
D∗± decay, and the invariant mass of the combination
M (K−π+π−π+π+) was restricted to the interval (1.975-
2.050) GeV/c2. To reduce the combinatorial background,
particle identification information was used for the can-
didate kaon from the D0. The assignment was rejected
if the kaon hypothesis was vetoed by the RICH detec-
tor, or if the measured dE/dx was consistent with the
pion mass hypothesis and inconsistent with the kaon
one. To reduce the level of combinatorial background
further, a requirement on theχ2-probability of the D∗±

vertex fit was applied. The loss induced by this re-
quirement was checked using the subsample of D∗±

with XD∗ between 0.35 and 0.5. These events were
divided into two categories, above and below theχ2-
probability cut. The spectrum of the mass difference
∆M = M (K−π+π−π+π+) − M (K−π+π−π+) shows a
clear D∗± peak for the above-cut category, and no sig-
nificant signal is observed in the other. The∆M dis-
tribution obtained is shown in Fig. 1c. In the range
0.144 < ∆M < 0.147 GeV/c2, 7655 events are ob-
served, and 25% of which are expected to be true D∗±.

5.2 Decay length reconstruction

The determination of the decay lengthd relies on the re-
construction of primary and secondary vertices. The mean
positions of the beam in the horizontal (x) and vertical direc-
tions (y) was measured from the data, for every 100 hadronic
Z0 decays, with an accuracy close to 10µm in x and y.
The event main vertex was obtained by using all the recon-
structed charged particle trajectories in the event and find-
ing a common intersection point, compatible with the beam
profile (σx = 150 µm, σy = 10 µm, but here the effective
vertical size of the beam interaction region is enlarged to
40 µm to allow for possible misalignments). Tracks giving
the largest contribution to theχ2 were successively elimi-
nated until an acceptable vertex fit probability was obtained.
For a bb̄ event, the accuracy of the primary vertex recon-
struction is 68µm in x and 35µm in y.

The D0 decay point was reconstructed from the
K−π+π+(π0) and K−π+π−π+π+ combinations. The distance
from the primary vertex to theD0 decay vertex was first cal-
culated in the plane transverse to the beam axis. The value
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Table 2. Values of the parameters used in the likelihood fit which are obtained from the data
(see Sect. 5.4). The numbers of events quoted are after the requirement|Qhem| > 0.1

Decay mode ∆M (GeV/c2) Events fcomb εunlikecomb rcc

K−π+ 0.1445 - 0.1465 2299 0.324± 0.030 0.489± 0.007 0.34± 0.04

K−π+π0 0.1400 - 0.1520 2491 0.450± 0.050 0.509± 0.011 0.40± 0.05

K−π+π−π+ 0.1440 - 0.1470 5192 0.752± 0.071 0.499± 0.004 0.34± 0.04

of this distance was attributed a negative or positive sign in
accordance with the sign of the scalar product of the mo-
mentum vector of the D∗± and of the vector joining the
primary to the secondary vertex. The decay lengthd was
then determined in space by using the D∗± meson direction.
The average precision on the decay length was found to be
σd ' 300µm from a simulation study. Events with a decay
length in the range−0.5 cm< d < 3.0 cm were accepted.

5.3 Probability distributions and fitting procedure

The time distributions corresponding to the secondary D0

vertices were obtained for each of the expected components
of the D∗± candidates by convoluting the theoretical proper
time distribution with Gaussian functions to account for the
experimental accuracy in the proper time.

The B0
d proper time,tB = mBdB/pB , wheremB , dB ,

andpB are the B0d mass, decay distance, and momentum re-
spectively, was not measured directly, since only the D∗

decay products were reconstructed. The measured decay
distance was the sum of the B0

d and D0 decay distances,
d ' dB + dD. To take into account the D0 decay distance,
a new variable was defined for each event, which was the
sum of the B0d and D0 proper times,t = tB + tD. The the-
oretical probability distributions for the variablet were ob-
tained by convoluting the time dependent probability distri-
butions (2) and (3) with the exponential D0 decay distribu-
tion 1

τD
e−tD/τD , whereτD is the D0 lifetime.

The sum of B0d and D0 proper times can be written as:

t = tB + tD =
mB

pB
dB +

mD

pD
dD

=
mB

pB
d +

(
mD

pD
− mB

pB

)
dD ' mB

pB
d, (9)

where the term proportional todD was neglected, being of
order of a percent with respect to the other. The B0

d mo-
mentum in (9) was taken as the mean fraction of the beam
momentum carried by the B0

d. It was verified with the Monte
Carlo simulation that the average fraction of the beam en-
ergy taken by the B0d is slightly affected by the D∗± se-
lection criteria, and a correction was applied accordingly.
Parametrizing the B0d momentum as a function of the re-
constructed D∗± momentum was also studied. The resolu-
tion on t improved slightly by using such a parametriza-
tion, but the effect on the measurement of∆md was negli-
gible. Therefore, the simpler approximation of the average
B0
d momentum,pB ' 0.7pbeam, was used. The validity of

the approximations involved in (9) was verified on a set
of generated B0d events, passed through a detailed simula-
tion of the detector. The average resolution ont was found
to be 0.4 ps, which is sufficient for the measurement of

the time dependent B0d mixing. The final normalized proba-
bility distributionsP mix(unmix)

B0 (t,∆md) were obtained by
convoluting the theoretical probabilities for the variablet
with a Gaussian resolution function of standard deviation
σt =

[
(σd/d)2 + (σpB0/pB0)2

] 1
2 t, whereσd was evaluated

event by event (the typical value was given in Sect. 5.2).
An average value forσpB0/pB0 = 0.17 was used, as deter-
mined from the simulation. The choice of a Gaussian dis-
tribution for pB0 did not properly describe the resolution of
the B0

d momentum, but this approximation was adequate for
the present measurement.

For charged B mesons, the normalized probability dis-
tribution PB± (t) was determined in a similar way as for
P mix(unmix)
B0 (t,∆md), but without including the oscillation

terms of expressions (2) and (3).
When the D∗± originates from acc event, the variable

t defined previously differs from the D0 proper time by the
ratio between the real D0 and the supposed B0

d boosts. The
corresponding time distributionPC(t) was determined from
the Monte Carlo simulation and parametrized with an expo-
nential distribution.

The time distribution corresponding to the events from
the combinatorial background under the D∗± peak,Pcomb(t),
was obtained from the upper sideband of the∆M mass dis-
tribution, by requiring∆M > 0.15, 0.15 (0.16) GeV/c2

for the Kπ, Kπππ (Kππ0) candidates. The possibility of a
time dependent oscillating contribution from the combinato-
rial background was studied by comparing the ratio of the
time distributions of unlike to like-sign events. No evidence
for such a contribution was found, and the same distribution
Pcomb(t) was used for like and unlike-sign events.

The maximum likelihood method was used to fit the
time distributions for the unlike and like-sign events. The
probability density function used to construct the likelihood
function for unlike-sign events was written as:

L unlike = fB0

[
εD

∗
b P mix

B0 (t,∆md)

+ (1− εD
∗

b ) P unmix
B0 (t,∆md)

]
+ fB± εunlikeB± PB± (t)

+ fcc ε
unlike
cc PC(t)

+ fcomb ε
unlike
comb Pcomb(t), (10)

where

– fB0, fB± , fcc, andfcomb are the fractions of B0d, B±,
cc, and of the combinatorial background in the selected
sample of events;

– εD
∗

b is the probability of correctly identifying theb or
b quark in the hemisphere opposite to the D∗± and in-

cludes also the fact that there areB0 → D∗−X where the
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Fig. 2. The distribution of the decay length fora unlike-sign events andb
like-sign events in the D∗±−Qhem channel. Thedots with the error bars
represent the data. Thecurve is the result of the fit. The equivalent range
in the time variablet is given on the upper horizontal axis

correlation between the B flavour and the D∗± charge is
opposite to the one of standard decays;

– εunlikeB±,cc,comb are the probabilities of tagging B±, cc, and
combinatorial background events as unlike-sign candi-
dates;

– from the simulation, the contribution from B0
s mesons

was found to be negligible and is therefore not consid-
ered.

The likelihood function for like-sign eventsL like was ob-
tained by substituting all the puritiesε in (10) by (1−ε). The
values used for the different parameters in (10) are given in
Sect. 5.4.

5.4 Experimental results and consistency checks

The amplitude of the time dependent oscillation is sensitive
to the probability of correctly tagging events as unmixed
and mixed B0d. Therefore, only events having|Qhem| > 0.1
(see Sect. 4) were used. In order to be insensitive to details
of the Monte Carlo simulation, the maximum likelihood fit
was performed leaving free both∆md and the probability
εD

∗
b (defined in Sect. 5.3). BothτB and τD were fixed to

the current world averages. The values ofεunlikeB± , εunlikecc̄ ,
andfB± were taken from the simulation, as was the effective
time distribution of charm events. The remaining parameters
and time distributions were determined from the data. The
values obtained forfcomb, εunlikecomb , andrcc are summarised
in Table 2. They were obtained as follows.

– The combinatorial background fractions,fcomb, were ob-
tained from fits to the∆M spectra. The signals were
parametrized with two Gaussian distributions (Kπ, Kππ0)
and a Breit-Wigner distribution (Kπππ), and the back-
grounds with polynomials.

– The fractionsεunlikecomb of unlike-sign events in the combi-
natorial background were determined by using the events
outside the D∗± peaks in the∆M spectra.

– The fractionrcc of D∗± originating from charm quark
fragmentation,rcc = fcc/(fcc + fB0 + fB± ), was obtained
by fitting the measuredXD∗ distributions to the sum of
the distributions expected forbb̄ and cc̄ events, taken
from the simulation. The values obtained were in agree-
ment with those obtained from the simulation.

The B0
d momentum was fixed according to the measured

average fraction of the beam energy carried by B hadrons
given in Table 1. This value was increased by 6%, according
to the bias observed in simulated events due to the D∗±

selection criteria.
Using these parameters, the result of the combined fit to

the samples of Kπ, Kππ0 and Kπππ candidates was:

∆md = 0.523± 0.072 ps−1, εD
∗

b = 0.65± 0.02. (11)

The fitted value ofεD
∗

b may be compared with the measured
value ofεQb = 0.673± 0.005 obtained with the independent
measurement described below in Sect. 6.3.2. However, it
should be noticed thatεD

∗
b and εQb are not expected to be

exactly equal, because there are suppressed decaysB0 →
D∗−X, where the correlation between the B flavour and the
D∗± charge is opposite to that in standard decays. These
processes therefore tend to reduce the value ofεD

∗
b with

respect toεQb .
The experimental distributions of the decay distance for

unlike and like-sign events are shown in Fig. 2, with the re-
sult of the fit superimposed. The experimental distribution of
the fraction of unlike-sign events versus the decay distance
is shown in Fig. 3, with the result of the fit superimposed.

Several systematic checks were performed:

– Fitting the B lifetime after fixing the charm and back-
ground time distributions and fractions previously deter-
mined yieldedτB =1.58±0.06 ps, in agreement with the
world average [12].

– An estimate of εunlikecc was obtained from the data
in the following way. Events rejected by the require-
mentXD∗ > 0.50 are enriched incc events (' 80%).
The number of unlike-sign events in this sample, using
the charge correlation efficiencies for non-charm events
found in the simulation, gaveεunlikecc = 0.67± 0.02, in
agreement with the value 0.65± 0.01 found in the sim-
ulation.

– Leaving the fractions ofcc events free in the fit yielded
rKπ,Kπππ
cc = 0.387± 0.025 andrKππ0

cc = 0.41± 0.03, in
agreement with the measured values given in Table 2.

– The effect of a possible bias induced by the vertexχ2-
probability cut in the D0 → K−π+π+π− channel was
studied. Using a simulated sample of pure B0

d mesons,
∆md was determined with and without the probability
cut, and no significant differences were observed.
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Fig. 3. The fraction of unlike-sign events in the D∗± −Qhem channel as
a function of the decay length. Thefull dots with the error bars represent
the data. Thecurve is the result of the fit. The equivalent range in the time
variablet is given on the upper horizontal axis

– The fit was repeated using a parametrization of the B0
d

momentum as a function of the reconstructed D∗± mo-
mentum. The fitted value of∆md changed by only 1%
from the value obtained assuming the B0

d carried a fixed
fraction of the beam energy.

– Applying the fitting procedure to a fully simulated event
sample generated with∆md = 0.475 ps−1 yielded
∆md = 0.48± 0.06 ps−1.

5.5 Systematic uncertainties

Various possible sources of systematic uncertainties were
investigated. In the following, the systematic errors on∆md

were estimated by varying the relevant parameters by one
standard deviation. The results are summarised in Table 3.
The sign (± or ∓) of the error assigned to∆md shows the
correlation with the variation of the relevant parameters.

– Time parametrization and B momentum resolution.
Different parametrizations for the time distributions of
charm and combinatorial background events were used.
The parametrizations for the combinatorial background
distribution were varied according to the limited data
statistics used for its determination. The observed vari-
ations on∆md were negligible. Varying the B0d de-
cay length resolution by±20% changed∆md by

±0.002 ps−1. Changing the B momentum resolution
σpB0/pB0 = 0.17± 0.03 by its uncertainty changed the
fitted value of∆md by ±0.020 ps−1. Thus the total un-
certainty from these sources is±0.020 ps−1.

– B and D lifetimes.
The systematic errors related to the B lifetimes were con-
sidered in two steps. Firstly the inclusive B lifetime was
varied according to its error in Table 1, moving all life-
times together. The observed effect on∆md was very
small, below±0.001 ps−1. The B0

d lifetime was then var-
ied by its error, moving all other B lifetimes together in
the opposite direction to maintain the inclusive B lifetime
constant. Changing the B0

d lifetime in this way changes
the proportion of B0d relative to the non-oscillating con-
tributions as a function of decay time, an effect that can
be compensated in the fit by changing the value of∆md.
The observed variation of∆md was±0.004 ps−1. For
this analysis only, varying the D lifetimes by their er-
rors [12] also gave a small contribution (±0.001 ps−1).

– B momentum parametrization.
According to the simulation, the mean fraction of the
beam energy taken by the B meson increases by (6±1)%
after the D∗± selection. The corresponding uncertainty
was added in quadrature to the error on< XE > [16]
in order to estimate the corresponding systematic uncer-
tainty on∆md of ∓0.007 ps−1.

– Fractionsrcc̄, fcomb andfB± .
The fractionsrcc̄ and fcomb were varied according to
the values reported in Table 2. Bothrcc̄ andfcomb con-
tributed±0.003 ps−1 to the systematic error. The relative
importance of neutral and charged B decays in the se-
lected D∗± sample, which determines the fractionsfB0

andfB± , was taken from the D∗± production rate in the
semileptonic decays. As shown below in Sect. 6.4.2, the

processB0
d → D∗+`−ν`X accounts for (83.2± 4.1)% of

the D∗± production in semileptonic decays. Assuming
factorization, this evaluation can also be used for inclu-
sive D∗± production. A ratio NB±

N
B

0+NB±
= 0.17 was used

with a conservative uncertainty of±50% related to the
assumption of factorization, giving a systematic uncer-
tainty on∆md of ±0.035 ps−1.

– Hemisphere charge probabilities.
The hemisphere charge probabilitiesεunlikecomb were varied
according to Table 2, giving a change of∓0.005 ps−1 on
∆md. For the probabilityεunlikecc , the value 0.67± 0.02
was measured on the data (see Sect. 5.4). The corre-
sponding uncertainty on∆md was ±0.005 ps−1. The
hemisphere charge probabilityεunlikeB± was varied accord-
ing to the Monte Carlo value 0.33± 0.03, where the
large error is due to a lack of knowledge concerning the
suppressed decays B∓ → D∗±X with an opposite corre-
lation between the charges of the B and D mesons. The
effect on∆md was∓0.011 ps−1.

The total systematic error on∆md deduced was
±0.043 ps−1. Thus the mass difference between the two
physical B0

d states measured in the D∗± −Qhem channel is

∆md = 0.523± 0.072± 0.043 ps−1. (12)
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Table 3. Systematic uncertainties for the D∗± −Qhem channel. The sign
(± or ∓) of the error assigned to∆md shows the correlation with the
variation of the different parameters

Contribution variation of∆md (ps−1)

Time parametrization

andB momentum resolution ±0.020

InclusiveB lifetime ∓0.001

τ (B0
d)/ < τ (B) > ∓0.004

D lifetimes ±0.001

B momentum parametrization ∓0.007

Fraction of charm events,rcc̄ ±0.003

Fraction of background,fcomb ±0.003

Fraction ofB±, fB± ±0.035

εunlikecomb ∓0.005

εunlikecc̄ ±0.005

εunlike
B± ∓0.011

Total ±0.043

6 Measurements of∆md in inclusive channels

In all these three analyses, described in Sects. 6.3 to 6.5,
the decay sign was determined by a highpt lepton. Events
with an identified lepton with a transverse momentumpt
larger than 1.2 GeV/c relative to its jet axis were selected.
The lepton was removed from the jet before evaluating its
transverse momentum. Sects. 6.1 and 6.2 describe methods
used in the three analyses.

6.1 Inclusive B hadron reconstruction

The semileptonic B hadron decays were reconstructed us-
ing the track classification provided by a general algorithm
developed to reconstruct the decay vertex of the B hadron.

The event main vertex was determined following the pro-
cedure explained in Sect. 5.2.

The B secondary vertex was obtained by intersecting the
trajectories of the lepton and of a D candidate. The lepton
track and at least one of the charged particles assigned as a
D decay product had to be associated to hits in the VD. Par-
ticles from fragmentation and from B decay products are all
present in the jet which contains the lepton, so an approach
was developed to distinguish between them. Ignoring the
lepton, charged particles belonging to the jet were gathered
into low mass clusters, using LUCLUS with the parame-
ter djoin reduced to 0.5 GeV and assuming the particles
to be pions. Inside each cluster, the particles were ordered
by decreasing values of their pseudo-rapidity relative to the
cluster direction. Those having the largest pseudo-rapidity
values and a momentum larger than 500 MeV/c were then
kept until the mass of the resulting system exceeded 2.2
GeV/c2. Clusters which made an angle larger than 500 mrad
relative to the jet direction were discarded. If a cluster con-
tained more than one particle measured in the VD, a sec-
ondary vertex was obtained from the particles belonging to
the cluster, a pseudo-D track candidate was constructed, and
the intersection of the pseudo-D track with the lepton trajec-
tory was evaluated. If a cluster contained only one particle
measured in the VD, its intersection with the lepton trajec-

tory was evaluated. Among all these secondary vertices, the
one which has the largest statistical significance2 was kept.

Having selected the cluster which had the best chance to
contain a majority of D decay products, and to reduce pos-
sible biases on the measured decay length of the B hadron
induced by this selection, this cluster was used simply as
a seed to find the other particles emitted by the D, which
might be in other clusters. For this purpose, all particles
present in the jet, including neutrals but not the lepton, were
ordered by decreasing values of their pseudo-rapidity rela-
tive to the direction of the momentum sum of the previously
retained particles. Then particles were added to the previ-
ously retained ones until the mass of the system exceeded
2.2 GeV/c2. A new evaluation of the D candidate trajectory
was then obtained, and a secondary vertex was constructed
with the lepton track. All of the retained particles were then
called B decay products.

6.2 Measurement of the B decay proper time

The B decay proper time was measured from the estimates
of the B decay distance and momentum:

tB =
dB mB

pB
(13)

6.2.1 B decay distance

The B decay distancedB was obtained from the projected
distancedP between the secondary and the primary vertices
measured in thexy plane, from whichdB is then evaluated
along the jet direction in space:dB = dP /sinθ.

The accuracy on the measurement of the positions of
charged particles near the beam interaction region, given
by the simulation, was tuned to agree with the accuracy
observed in the real data. For this purpose, tracks emitted
at an angle less than 30◦ from the horizontal plane were
selected, so as to benefit from the precise definition of the
beam position in the vertical direction. The tuning procedure
is as follows [17].

Firstly, the measurement errors on the RΦ andz impact
parameters in the simulation are rescaled to agree with those
from real data for tracks associated to the same numbers of
VD hits and with a similar momentum.

A lifetime-signed impact parameter, relative to the event
main vertex, is positive if the track intercepts the line defined
by the main vertex and the jet direction at a positive distance
from the vertex in the direction of the jet momentum. Neg-
ative values then arise primarily from measurement errors.
Therefore, distributions of negative lifetime-signed impact
parameters, divided by their errors, are compared between
data and simulation. They are fitted with a Gaussian and two
Breit-Wigner functions centred on zero.

The narrowest distribution is the Gaussian. It contains
the largest fraction of events and its standard deviation, mea-
sured on data, is always larger than unity. A scaling factor is

2 The statistical significance is defined as the distance between the sec-
ondary and the primary vertices along the jet direction, evaluated in the
plane transverse to the beam axis, divided by its measurement error
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then applied to the impact parameter errors so that the width
of the distribution becomes unity for the real data. The same
scaling is applied in the simulation, and an additional smear-
ing of the values of the simulated impact parameters is usu-
ally needed to have normal distributions with unit variance
also here. The fractions of events present in the Breit-Wigner
distributions and the widths of these distributions are usually
larger for real data. A further smearing of the simulated im-
pact parameters is then applied so as to obtain a behaviour
similar to that in data for the non-Gaussian tails.

The vertex algorithm described in Sect. 6.1 provides a
measurement of the B decay distance in 94% of the events
containing a highpt lepton associated to at least one hit in
the VD. The remaining 6% of the events were rejected.

6.2.2 B momentum

The B momentum was determined in several steps. First,
each event was divided into two hemispheres separated by
the plane transverse to the sphericity axis which contains
the beam interaction region. Then the momentum of the B
meson,PB

meas., was evaluated from the energy-momentum
of the hemisphere after subtracting the particles not selected
as B decay products (see Sect. 6.1). Then, to have a bet-
ter estimate of the B momentum, the measured energies and
momenta were rescaled by a common factor (α) and a miss-
ing four-momentum corresponding to a zero mass particle

was added (Eν ,
−→
Pν). After having applied the energy and

momentum conservation to the complete event,

α× (
−−−→
Phem1 +

−−−→
Phem2) +

−→
Pν =

−→
0 (14)

α× (Ehem1 +Ehem2) +Eν = 2 Ebeam (15)

the unknowns were determined. The mean value ofα was
1.13. If the direction of the missing momentum was within
400 mrad of that of the D-` system, its energy was attributed
to the B to account for the missing neutrino. A better ap-
proximation to the B momentum was then obtained using the
simulation, by correcting for the average difference between
the above estimator and the true B momentum, parametrized
as a function of the reconstructed B momentum.

Finally a global fit was applied to all the measured quan-
tities: the primary and secondary vertex positions (6 vari-
ables), and the momentum vectors of the lepton and of the
D and B mesons (9 variables). Three constraints were ap-
plied:

– the direction given by the two vertices and the direction
of the B momentum should be the same (two angular
constraints),

– the mass of the B meson should be equal to the nominal
B0
d mass.

6.2.3 Proper time resolution

The reconstruction accuracy on the positions of the charged
particles near the beam interaction region was verified on
real data by selecting event samples depleted in B meson

decays [17]. To have a detailed description of the time res-
olution, the distribution of the difference between the gen-
erated (t′ ) and reconstructed (t ) B decay proper times
RB(t′ − t) was parametrized using the sum of a Gaussian
and a Breit-Wigner distribution with widths that depended
on the generated decay time and which were different de-
pending on the sign oft′ − t.

For about 10% of the events, because of the presence of
charged particles coming from the beam interaction region,
the reconstructed vertex coincided with the event main ver-
tex. A Breit-Wigner distribution, centred ont = 0, was used
to account for the proper time distribution of these events.

The accuracy on the B decay proper time is degraded
in the case of cascade semileptonic decays3, since the
parametrization of the difference between the true and mea-
sured B momentum and the strategy for reconstructing the
B decay point were tuned assuming a direct semileptonic
decay of a B hadron. This effect was verified using the sim-
ulation, and a different parametrization,RBC(t′ − t), was
extracted for this category of leptons.

Finally the simulated time distribution for accepted
events was compared with an exponential distribution corre-
sponding to the generated lifetime and an acceptance func-
tion, A(t′), was obtained.

Sets of parametrizations were obtained separately for the
1991 to 1993 and for 1994 data sample, because of the in-
stallation of the double sided silicon vertex detector at the
end of 1993.

For events originating from light and charm quark fla-
vours, the expected time distributions,PH (t) and PC(t),
were obtained from the simulation.

6.3 The lepton-Qhem channel

In this analysis method, the decay sign is obtained from
the lepton charge and the production sign is measured using
the hemisphere charge in the opposite hemisphere, as in the
exclusively reconstructed D∗ analysis.

6.3.1 Composition of the lepton sample

Muons were identified by combining the muon chamber hits
with the tracking information. The tracks of charged particles
were extrapolated to the muon chambers and then associated
and fitted to the hits. The muon identification algorithm is de-
scribed in [7]. The loose selection criterion had an efficiency
of 95 %, within the acceptance of the muon chambers, with
a misidentification probability of 1.5 %. Tighter cuts gave
76 % efficiency with 0.44 % misidentification probability.

The electron candidates were identified by combining
the electromagnetic shower information from the HPC with
the particle ionization loss, dE/dx, measured by the TPC. A
sizeable fraction of electrons originates from photon conver-
sions. They were partially rejected if two oppositely charged
particles form a secondary vertex where the invariant mass
was zero within measurement errors. Inside the acceptance

3 In this papercascade decays refers to the decayb→ c→ lepton



590

of the HPC, electrons of momenta above 3 GeV/c were iden-
tified with an efficiency of 77 %. The probability for a hadron
to be misidentified as an electron was below 1 %.

The efficiency to identify leptons and the hadronic con-
tamination were obtained using the detailed simulation code
of the DELPHI detector, and were checked on the data us-
ing selected event samples such as K0

s → π+π−, Z0 →
µ+µ−, converted photons before the HPC,γγ → `+`−, and
hadronicτ decays [7].

Candidate leptons were produced by semileptonic de-
cays of B hadrons, D hadrons, and light mesons. They also
could be misidentified hadrons or converted photons. Lep-
tons from cascade decays have wrong sign with respect to
leptons from direct B decays for the identification of theb
quark charge. Therefore, cuts were applied to the lepton to-
tal and transverse momenta to minimize their contribution.
The cut values were determined by maximizing the product
(f `b − f `bc)×

√
N`, wheref `b andf `bc are the respective frac-

tions of direct and cascade leptons in the total sample of N`

lepton candidates. The fractions of the different categories
of selected leptons, withpt > 1.2 GeV/c and momentum
p larger than 3 GeV/c, were obtained from the simulation
and were also measured in the data by fitting the (p, pt) dis-
tributions of the different components to the corresponding
distribution for lepton candidates observed in the data.

To study B-̄B oscillations, lepton candidates in the sim-
ulated event sample were distributed into four classes ac-
cording to their sign relative to the sign of the heavy quark
present in the decaying hadron.

– Class `b contained lepton candidates produced in B
hadron decays and having the same sign as theb quark
present inside the B hadron. This class contained leptons
from directb semileptonic decays and also, for example,
those from cascade decays of the type:B → DDsX with
Ds → `−X. Misidentified hadrons with the same sign
as theb quark were also included if they originated from
a track produced in a B hadron decay.

– Class `bc contained lepton candidates produced in B
hadron decays and having a sign opposite to theb quark.

– Class̀ c contained lepton candidates produced in charmed
hadron decays.

– Class̀ h contained lepton candidates which were misiden-
tified hadrons or leptons produced in light hadron decays
or were from converted photons and which had not fallen
into the previous classes.

With these definitions, if a B hadron oscillated, lepton
candidates in classes`b and`bc changed sign, whereas those
in the other classes were not affected.

The semileptonic decay branching fractions used in the
simulation were modified to agree with the measured values
quoted in Table 1.

The fraction of fake lepton candidates was verified in
the data with an accuracy of±20% on the basis of time
distributions.

After having corrected the simulation so that the rates
of the physics processes and their simulation agreed with
the data, the fractions of lepton candidates in the different
classes were:

f `b = 70.2%, f `bc = 7.5%, f `c = 9.4%, f `h = 12.9%

(1991− 1993) (16)

and

f `b = 71.9%, f `bc = 8.1%, f `c = 9.4%, f `h = 10.6%

(1994) (17)

for candidates of momentum larger than 3 GeV/c and trans-
verse momentum larger than 1.2 GeV/c. Uncertainties at-
tached to these fractions depend on the semileptonic branch-
ing fraction measurements, on the lepton identification pro-
cedure, and on the rate of the fake lepton background. They
are discussed in Sect. 6.3.3.

The measurement of B meson oscillations is not crit-
ical with respect to the selection on the lepton transverse
momentum in the range between 0.8 and 1.4 GeV/c.

6.3.2 Measurement of∆md

Events were classified on the basis of the product of the
charge of the lepton, Q̀, identified in one hemisphere, and
of the mean charge,Qhem, measured in the opposite hemi-
sphere. Events were considered as mixed if Qhem × Q` >
0.1, and as unmixed if Qhem × Q` < −0.1. The numbers
of events in the mixed and unmixed categories were 24051
and 36330 respectively.

For each event, the probability to obtain the measured
proper timet, P like(t) or P unlike(t) depending on its clas-
sification, was evaluated:

P like(t) =
fb
∑

q FBq [εQb ε
`
Bq

(P mix.
Bq

(t′)⊗RB(t′ − t))

+ (1− εQb )(1− ε`Bq ) (P mix.
Bq

(t′)⊗RBC(t′ − t))

+ (1− εQb )ε`Bq (P unmix.
Bq

(t′)⊗RB(t′ − t))

+ εQb (1− ε`Bq ) (P unmix.
Bq

(t′)⊗RBC(t′ − t))]

+ fcε
like
c PC(t)

+ fhε
like
h PH (t)

(18)

P unlike(t) =
fb
∑

q FBq [εQb ε
`
Bq

(P unmix.
Bq

(t′)⊗RB(t′ − t))

+ (1− εQb )(1− ε`Bq ) (P unmix.
Bq

(t′)⊗RBC(t′ − t))

+ (1− εQb )ε`Bq (P mix.
Bq

(t′)⊗RB(t′ − t))

+ εQb (1− ε`Bq ) (P mix.
Bq

(t′)⊗RBC(t′ − t))]

+ fc(1− εlikec ) PC(t)
+ fh(1− εlikeh ) PH (t)

(19)

where

– fb, fc andfh, which satisfyfb+fc+fh=1, are the respec-
tive fractions ofb, c, andu, d, s flavours in the analyzed
event sample (see Sect. 6.3.1.),

fb = f `b + f `bc, fc = f `c , fh = f `h; (20)

– FBq is the fraction of B hadrons of flavourq in the
sample;

– εQb and ε`Bq are the probabilities to have the right sign
for the quark at production and decay times, respectively;
εQb is the purity of the tagging given by the hemisphere
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charge, measured in the hemisphere opposite to the lep-
ton, and its value was fitted to the data simultaneously
with ∆md;

– in Z0 → cc events and for light flavours,εlikec andεlikeh
are the fractions of events classified as mixed candidates
from the relative signs of the lepton and the hemisphere
charge; their values were obtained from the simulation:

εlikec = 0.370± 0.005, εlikeh = 0.451± 0.005; (21)

– P mix.
Bq

(t′)⊗RB(t′−t) =
∫

P mix.
Bq

(t′)RB(t′−t)dt′ and
similarly for the analogous terms. The variablet′ is the
true proper time of the B decay. For neutral B mesons,
the functionsP mix.

Bq
(t′) andP unmix.

Bq
(t′) were given in

Sect. 1. For charged B mesons andb baryons, the de-
cay time distribution has a simple exponential behaviour.
These distributions have to be convoluted with the time
resolution distributions,RB(t′−t) andRBC(t′−t) for
direct and cascade semileptonic B decays respectively,
obtained from the simulation;

– for Z0 → cc and Z0 → (light flavour) events, the re-
constructed time distributions obtained in the simulation
were fitted directly to providePC(t) andPH (t).

A maximum likelihood method was applied to the set
of classified events, and the parameters∆md and εQb were
fitted by minimizing the following function :

L = −
∑

like−signevents
ln(P like(t))

−
∑

unlike−signevents
ln(P unlike(t)). (22)

The result of the fit is:

∆md = 0.493± 0.042 ps−1, εQb = 0.673± 0.005. (23)

The experimental decay time distributions for like and
unlike-sign events are shown in Fig. 4, with the result of
the fit superimposed. The experimental distribution of the
fraction of like-sign events versus the decay time is shown
in Fig. 5.

The internal coherence of the fitting procedure was veri-
fied using a fast simulation with 60 times the data statistics.
The result :

∆md = 0.453± 0.004 ps−1 (fast simulation) (24)

is in agreement with the generated value of∆md = 0.45
ps−1. Applying the same fitting procedure to fully simulated
events generated with the values∆md = 0.475 ps−1 and
εQb = 0.689 as a further cross-check gave:

∆md = 0.490± 0.027 ps−1,

εQb = 0.693± 0.004 (full simulation). (25)

6.3.3 Systematic uncertainties

The following systematic uncertainties, summarised in Ta-
ble 4, were studied.

– Production rates of B hadrons.
Following the procedure described in [15], the values of
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χ, χd andfb−baryon were varied independently by their
measured errors, giving correlated variations offd and
fs and consequently ofFBd andFBs . The quantitiesχd
and∆md are related by (7). This correlation is discussed
again below in Sect. 7.

– B lifetimes.
The systematic errors due to the B lifetime uncertainties
were evaluated as described in Sect. 5.5.

– Fractions of leptons.
A relative variation of±20%, corresponding to the ac-
curacy of the measurement of the fake lepton rate in
the data, was applied to the fraction of fake leptons, lep-
tons from charm and cascade semileptonic decays. These
variations were compensated by a corresponding varia-
tion of the fraction of direct leptons. This variation takes
into account the systematic uncertainties coming from
different semileptonic B decay models.

– Tagging purities :εlikec , εlikeh .
Absolute variations of±2% were applied to the values
of the tagging purities obtained from the simulation for
events containing a fake lepton or a lepton from charm.
These variations are similar to the deviations observed
between the fitted value ofεQb in the data as compared
to the nominal value expected from the simulation. Sim-
ulation samples, which correspond to different detector
configurations and different tuning of the relevant pa-
rameters, were used to check the stability of the values
used for the tagging purities. The difference between the
values obtained does not exceed 0.5 %.

– Fraction of B0
d in cascade decays.

In simulated events, the fraction ofB0
d in direct semilep-

tonic decays is 39.2% and it is 46% in cascade decays.

In the fitting procedure, the fraction ofB0
d in cascade

semileptonic decays was taken equal to (46±10)%, and
this variation was compensated by a change in the cor-
responding fraction of B− mesons.

– Control of the accuracy on the time measurement.
This was evaluated from the residual difference between
data and simulation in the reconstructed B energy and
decay length distributions. Details of the procedure are
given in [15].

In the `−Qhem channel, the measured mass difference
between the two physical B0

d states is then:

∆md = 0.493± 0.042± 0.027 ps−1. (26)

6.4 Measurement of∆md using an inclusive reconstruction
of D∗± mesons

In this analysis method, events with an identified highpt
lepton accompanied by a D∗± of opposite charge, present in
the same jet, are selected. As in the previous analysis, the
lepton determines the decay sign and the production sign
is determined from the hemisphere charge in the opposite
hemisphere. The D∗± are identified by an inclusive method,
based on the smallQ value in the D∗+ → D0π+ decay,
which allows the slowπ+ from that decay to be identified.
The identification of the D∗±, and the fact that the lepton
andπ+ are of opposite sign in the signal events, provides a

much purer sample than in the other inclusive analyses and
allows the combinatorial background to be studied.

6.4.1 Inclusive search for D∗± candidates

The analysis is based on the identification of D∗+ → D0π+

in semileptonic decays of B hadrons. This identification is
performed in an inclusive way, by reconstructing a B hadron
secondary vertex corresponding to the D∗±-lepton system
as was described in Sect. 6.1, and by finding the chargedπ
from the D∗± decay, calledπ∗ in the following. A detailed
description of the method used can be found in [15]. Theπ∗
candidate was searched for among all the particles belonging
to the jet, excluding the lepton candidate, by computing the
difference between the masses of two sets of particles. If the
π∗ was one of the B decay product candidates the following
mass difference was evaluated:

∆M = M (All B decay products) (27)

−M (All B decay products except the π∗).

If the π∗ was not one of the B decay product candidates, the
evaluated mass difference was:

∆M = M (All B decay products plus the π∗)

−M (All B decay products) (28)

In the calculation of the above masses, the lepton candidate
was always excluded.

Two classes of events were defined according to the rela-
tive charges of theπ∗ and the lepton. A semileptonic B0

d de-
cay should produce a lepton and aπ∗ of opposite charge. For
this reason, opposite charge pairs define right sign events,
while same charge pairs, expected from the background
sources, define wrong-sign events. Figure 6 shows the∆M
distribution for right- and wrong-sign events. An excess of
right-sign events at low mass difference is clearly seen. The
level of the combinatorial background at a given value of
∆M was obtained by the method described in detail in [15],
i.e. as the number of wrong-sign events observed in the data
multiplied by the ratio between the numbers of right- and
wrong-sign combinatorial background events observed in the
simulation at the same value of∆M :

Nright−sign
comb (data) = (29)

Nwrong−sign
comb (data)

Nright−sign
comb (sim.)

Nwrong−sign
comb (sim.)

In this expression, simulated events with aπ∗ candidate
really coming from a charged D∗ decay were removed to

obtainNright−sign
comb (sim.). For the measurement of B0

d−B0
d

oscillations, events with∆M between 0.14 and 0.16 GeV/c2

were selected. In this interval, the fraction of events from
the combinatorial background evaluated using (30) was
fcomb = (30.6± 1.8)%. After background subtraction there
were 4135± 100 D∗ candidates in the selected region and,
as explained in [15], 3523± 150 of them can be attributed

to B0
d decays.
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Table 4.Contributions to the systematic uncertainty on the measurement of∆md, in the`−Qhem

channel. The sign (± or∓) of the error assigned to∆md shows the correlation with the variation
of the different parameters

Parameter central value range of variation variation of∆md (ps−1)

χ 0.1217 ±0.0046 ±0.0005

χd 0.175 ±0.016 ∓0.0006

fb−baryon 0.087 ±0.029 ±0.010

< τ (B) > 1.549 ps ±0.020 ps ∓0.001

τ (B0
d)/ < τ (B) > 1.007 ±0.041 ∓0.007

f`h 10% ±2% ±0.010

f`bc 8% ±2% ∓0.007

f`c 9.5% ±2.0% ±0.001

εlikec 37% ±2% ±0.009

εlikeh 45% ±2% ±0.014

B0
d cascade fraction 46% ±10% ±0.007

control of t measurement ±0.009

Total ±0.027
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Fig. 6.∆M distributions for 1991-1994 data. Thepoints with the error bars
represent the data. Thehistogramrepresents the distributions for wrong-sign
combinations multiplied by the ratio of right-sign to wrong-sign measured
in the simulation in each bin of the∆M variable

6.4.2 Measurement of∆md

The same method as that applied to the` − Qhem analysis
was used. The main difference concerned the evaluation of
the different components entering into the likelihood func-
tion. Events in theπ∗ signal and in the combinatorial back-
ground were considered separately:

P like(t) = (1− fcomb)P like
π∗ (t) + fcombP like

comb(t) (30)

and similarly forP unlike(t). For events in theπ∗ signal:

P like
π∗ (t) = fπ

∗
B [ Fπ∗

Bd
((εQb P mix.

Bd
(t′)

+(1− εQb )P unmix.
Bd

(t′))⊗Rπ∗
B (t′ − t))

+Fπ∗
Bu (1− εQb )(PBu (t′)⊗Rπ∗

B (t′ − t))

+Fπ∗
Bs ((εQb P mix.

Bs (t′)

+(1− εQb )P unmix.
Bs (t′))⊗Rπ∗

B (t′ − t)) ]

+(1− fπ
∗

B )εlikeback.Pback.(t) (31)

and

P unlike
π∗ (t) = fπ

∗
B [ Fπ∗

Bd
(((1− εQb )P mix.

Bd
(t′)

+εQb P unmix.
Bd

(t′))⊗Rπ∗
B (t′ − t))

+Fπ∗
Bu εQb (PBu (t′)⊗Rπ∗

B (t′ − t))

+Fπ∗
Bs (((1− εQb )P mix.

Bs (t′)

+εQb P unmix.
Bs (t′))⊗Rπ∗

B (t′ − t)) ]

+(1− fπ
∗

B )(1− εlikeback.)Pback.(t) (32)

wherefπ
∗

B is the fraction of events with a highpt lepton
from a direct semileptonic B hadron decay, andFπ∗

Bd
, Fπ∗

Bu

andFπ∗
Bs

are the respective fractions of events fromB0
d , B−

andB0
s inside this category.

These fractionsFπ∗
Bq

are given by the relative production
rates of different B hadrons in ab quark jet and the rela-
tive production rates of charged D∗+ in their semileptonic

decays. Apart from theB0
d, which has a relatively large de-

cay rate through the exclusive channelB0
d → D∗+`ν`, the

other contributions originate from D∗∗ decays. Their values
were normalized to the acceptance for the exclusive channel

B0
d → D∗+`−ν`. They are [15]:

Fπ∗
Bu = (15.4± 3.9)%, (33)

Fπ∗
Bs = (1.4± 1.4)%, (34)

and therefore
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Fig. 7. Time distributions fora like-sign andb unlike-sign events in the
(π∗ − `)−Qhem analysis. Thecurvesare the result of the log-likelihood
fit

Fπ∗
Bd

= 1− Fπ∗
Bu − Fπ∗

Bs = (83.2± 4.1)%. (35)

The value ofFπ∗
Bd

includes the expected fraction of charged
D∗± produced in D∗∗ decays, (7.4± 1.4)% [15]. No signif-
icant contribution was expected fromb baryon semileptonic
decays, so they were neglected.

According to the simulation, leptons from cascade de-
cays give only a small contribution,f `bc = (1.0±0.1)%, since
their contribution is suppressed by about an order of magni-
tude because cascade decays in the right-sign sample have
to originate from mechanisms with two D mesons produced
in the decay of the B hadron. Events in which the lepton is
emitted by the D produced in the D∗+ decay contribute to
the wrong sign sample.

Leptons from semileptonic decays of D hadrons in Z0 →
cc events contribute only to the wrong-sign sample.

The contribution from fake leptons is also expected to
be reduced as compared to their rate in the inclusive lepton
sample because they have to originate from Z0 → cc or→ bb
events only. The fraction of fake leptons,f `h = (2.8±0.2)%,
was considered simultaneously with the cascade contribu-
tion, giving:

1− fπ
∗

B = f `h + f `bc = (3.8± 0.2)%. (36)

As their relative fraction is smaller than in thè− Qhem

analysis, all events in which the lepton was not from a di-
rect semileptonic decay of a B hadron were considered to-
gether. This included events with a fake lepton, which was
the main component, and events from charm and cascade
decays. Their decay time distribution,Pback.(t), was taken
from the simulation, as well as their tagging purity using the
hemisphere charge,εlikeback. = 0.44.

0.1
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Fig. 8. Time dependence of the fraction of like-sign events in the (π∗ −
`)−Qhem channel. Thecurve is the result of the log-likelihood fit

Expressions similar to those forP like(unlike)
π∗ (t) were

derived for events in the combinatorial background, i.e.
for P like

comb(t) and P unlike
comb (t). The fraction of these events,

fcomb, was evaluated to be 0.306± 0.018 (see Sect. 6.4.1).
For these events, different time resolution functions,
Rcomb

B (t′ − t), were obtained from the simulation. In the
combinatorial background, the relative fractions of direct
leptons from the different types of B hadrons,F comb

Bq
, are

given by the usual production rates of B hadrons in jets:
F comb
Bq

= fq. Other sources of lepton candidates in the com-
binatorial background are:

– leptons from cascade decays with a fraction of 7%,
– leptons from charm semileptonic decays: 5%,
– fake leptons with a rate of 17.2%, which is larger than in

the`−Qhem analysis, mainly because a different lepton
selection was used and also because there may be several
π∗ − ` pair candidates.

The fraction of non-direct lepton candidates in the com-
binatorial background was thus evaluated to bef comb

h =
(29.2± 1.0)%. Their tagging purity wasεcomb

h = 0.45.
Using the above values, the values of∆md andεQb which

correspond to the maximum of the log-likelihood distribution
were obtained:

∆md = 0.499± 0.053 ps−1, εQb = 0.656± 0.012. (37)

The experimental distributions of the decay time for unlike
and like-sign events are shown in Fig. 7, with the result of
the fit superimposed. The experimental distribution of the
fraction of like-sign events versus the decay time is shown
in Fig. 8.
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The same fitting procedure was repeated on simulated
events, generated with the values∆md = 0.475 ps−1 and
εQb = 0.691, and gave:

∆md = 0.507± 0.028 ps−1,

εQb = 0.699± 0.007 (simulation) (38)

On dedicated samples of simulated events containing only

pureB0
d → D∗+`ν` decays, the corresponding result was:

∆md = 0.487± 0.016 ps−1,

εQb = 0.693± 0.006 (simulation) (39)

6.4.3 Systematic uncertainties

Various sources of systematic uncertainties were considered.
The most relevant of them are reported in Table 5.

– Fraction of B0
d in theπ∗ signal, Fπ∗

Bd
.

The uncertainty on this parameter depends on the corre-
sponding error on the D∗∗ production rate in B hadron
semileptonic decays.

– Fraction of direct leptons from B decays in theπ∗ signal,
fπ

∗
B = 1− f `h − f `bc.

As the level of fake leptons and of leptons from cascade
decays in theπ∗ signal is reduced by about an order of
magnitude compared to the inclusive lepton analysis, the
effect from this source is negligible.

– B lifetimes.
The systematic errors due to the B lifetime uncertainties
were evaluated as described in Sect. 5.5.

– Uncertainty on the level of the combinatorial background.
This was discussed in Sect. 6.4.1.

– Fraction of B0
d in the combinatorial background, εcomb

Bd
.

The main uncertainty onεcomb
Bd

, which is equivalent to
fd, comes from the knowledge ofb baryon production
in jets,fb−baryon, as noticed in thè −Qhem analysis.

– Fraction of non-direct leptons in the combinatorial back-
ground,f comb

h .
As noticed, this is expected to be larger than observed
in the `−Qhem analysis, and rather conservative uncer-
tainties were used.

– Tagging purity for non-direct leptons in the combinatorial
background,εcomb

h .
The central value is taken from the simulation and a
conservative uncertainty was used.

– Control of the time measurement.
The procedure was explained in [15].

In the (π∗ − `) − Qhem channel, the measured mass
difference between the two physical B0

d states is then:

∆md = 0.499± 0.053± 0.015 ps−1. (40)

6.5 The lepton-lepton channel

In this measurement, the decay sign was determined from the
lepton in one hemisphere, provided a secondary vertex was
reconstructed including that lepton, and the production sign
was determined from the lepton in the opposite hemisphere.

6.5.1 Event selection

This analysis, despite the reduced statistics compared with
the ` −Qhem analysis, profits from the better purity of the
b charge determination from the presence of a pair of high
pt leptons.

The lepton selection described in 6.3.1 was used, except
that thept cut was slightly modified in order to increase the
efficiency. In a lepton jet, the sum of the energies of all those
particles whose directions were nearer to the lepton than to
the jet direction,Esub, was expected to be smaller for events
from directb semileptonic decay than for the other sources of
final state leptons. An optimization of the efficiency versus
charge purity was obtained by a two dimensional cut in the
pt−Esub plane. An event was selected if at least one lepton
per hemisphere passed this cut.

The double lepton tag has the additional advantage of
reducing the non-b background. As a consequence, the frac-
tions of lepton candidates in the classes of simulated events
defined previously were:

f `b = 82.5%, f `bc = 11.4%, f `c = 4.7%, f `h = 1.4%. (41)

6.5.2 Measurement of∆md

In both hemispheres of the selected events, the secondary
vertex search was performed as explained in Sect. 6.1. Only
events having at least one reconstructed secondary vertex
were used to measure∆md. They were classified as mixed if
the charge of the two leptons was the same, and as unmixed
if they were different. The numbers of events classified as
mixed and unmixed were 1579 and 3199 respectively.

If only one hemisphere had a reconstructed secondary
vertex with a corresponding measured proper timet, the
probabilities of obtaining such a time were expressed by (18)
and (19), using appropriate values forεtagx . In particular

εQb =
∑

q FBqε
`
Bq

(1−P mix.
Bq

(t′)⊗RB(t′ − t))

+
∑

q FBq (1− ε`Bq )P mix.
Bq

(t′)⊗RB(t′ − t).
(42)

The convolutions in this expression are null for charged B
mesons andb baryons and correspond to the time integrated

probabilities for mixingχq =
x2
q

2(1 + x2
q) for neutral B mesons

(hereq = d, s). ThereforeεQb is implicitly a function of∆md,
so the hemisphere without time measurement also provides
information on∆md. In (18) and (19),εlikec andεlikeh refer to
the total probabilities of classifying charm and combinatorial
background events as mixed. Their values here, taken from
the simulation, areεlikec = 18% andεlikeh = 49%.

The events with a reconstructed secondary vertex on each
hemisphere had two measured proper times,t1 and t2, and
the probabilities of being classified as mixed or unmixed
were expressed as functions of both times:

P like(t1, t2) =

fb
∑
q

FBq (ε`BqP
mix.
Bq (t′1)⊗RB(t′1 − t1)

+(1− ε`Bq )P unmix.
Bq (t′1)⊗RBC(t′1 − t1))∑

q

FBq (ε`BqP
unmix.
Bq (t′2)⊗RB(t′2 − t2)
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Table 5. Contributions to the systematic uncertainty on the measurement of∆md in the (π∗ −
`) − Qhem channel. The sign (± or ∓) of the error assigned to∆md shows the correlation
with the variation of the different parameters

Parameter central value range of variation variation of∆md (ps−1)

Fπ∗
Bd

0.832 ±0.041 ∓0.012

τ (B0
d)/ < τ (B) > 1.007 ±0.041 ∓0.001

fcomb 0.306 ±0.018 ±0.001

fb−baryon 0.087 ±0.029 ±0.002

fcomb
h 0.292 ±0.010 ±0.002

εcomb
h 45% ±2% ±0.001

control of t measurement ±0.009

Total ±0.015
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Fig. 9. Time distributions fora like-sign andb unlike-sign events in the
`− ` channel. Thecurvesare the result of the likelihood fit

+(1− ε`Bq )P mix.
Bq (t′2)⊗RBC(t′2 − t2))

+fb
∑
q

FBq (ε`BqP
unmix.
Bq (t′1)⊗RB(t′1 − t1)

+(1− ε`Bq )P mix.
Bq (t′1)⊗RBC(t′1 − t1))∑

q

FBq (ε`BqP
mix.
Bq (t′2)⊗RB(t′2 − t2)

+(1− ε`Bq )P unmix.
Bq (t′2)⊗RBC(t′2 − t2))

+fcε
like
c PC(t1)PC(t2)

+fhε
like
h PH (t1)PH (t2) (43)

The functionP unlike(t1, t2) was obtained from this formula
by appropriately replacingP unmix.

Bq
(t′), εlikec , andεlikeh in a

single hemisphere byP mix.
Bq

(t′), (1− εlikec ), and (1− εlikeh )
respectively, and vice-versa.

The distribution to be minimized as a function of the
parameter∆md was then the sum of two parts:

Lsingle = −
single∑

like−sign events

ln(P like(t))

−
single∑

unlike−sign events

ln(P unlike(t)) (44)

and

Ldouble = −
double∑

like−sign events

ln(P like(t1, t2))

−
double∑

unlike−sign events

ln(P unlike(t1, t2)), (45)

where the first expression is a sum over events with only
one measured time and the latter is a sum over events with
two measured times.

The value of∆md corresponding to the maximum log-
likelihood was found to be :

∆md = 0.480± 0.040 ps−1. (46)

The experimental distributions of the decay time for like and
unlike-sign events are shown in Fig. 9, with the result of the
fit superimposed. A projection on a single time axis of the
time distribution for the mixed event fraction is shown in
Fig. 10.

The same fitting procedure was repeated on simulated
events generated with∆md = 0.475, giving:

∆md = 0.450± 0.040 ps−1 (simulation). (47)

6.5.3 Systematic uncertainties

The study of systematic uncertainties attached to this mea-
surement is similar to that described for the`−Qhem chan-
nel. However, since the maximum likelihood fit was a func-
tion of ∆md only, the effect of the same variations of the
parameters as summarized in Table 4 were different. This
was particularly true for the variation off `bc which, in the
`−Qhem channel, was partially compensated by a variation
of the fitted value ofεQb . In this analysis, the contribution
from the variation off `bc to the systematic error on∆md was
the most relevant one, as can be seen from Table 6, where
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Table 6. Contributions to the systematic uncertainty on the measurement of∆md in the (̀ − `)
channel. The sign (± or∓) of the error assigned to∆md shows the correlation with the variation
of the different parameters

Parameter central value range of variation variation of∆md (ps−1)

χ̄ 0.1217 ±0.0046 ∓0.018

χd 0.175 ±0.016 +0.025 − 0.027

fb−baryon 0.087 ±0.029 ±0.005

< τ (B) > 1.549 ps ±0.020 ps ∓0.001

τ (B0
d)/ < τ (B) > 1.007 ±0.041 −0.017 + 0.014

f`c , f
`
h 0.047, 0.014 ±15% ±0.004

εlikec , εlikeh 0.018, 0.018 ±10% −0.005 + 0.006∑
q

(1− ε`Bq ) 0.114 ±6% −0.030 + 0.032

control of t measurement ±0.019

Total ±0.051
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Fig. 10. Fraction of mixed events versus measured time for lepton-lepton
candidates. Events with two time measurements enter twice. Thefull line
corresponds to the prediction for∆md = 0.480 ps−1 projected on a single
time axis

its contribution is summarized in the total wrong charge rate∑
q(1− ε`Bq ) . The total systematic uncertainty on the mea-

surement of∆md for the ` − ` channel was found to be
±0.051 ps−1, so that in this channel the measured mass dif-
ference between the two physical B0

d states is

∆md = 0.480± 0.040± 0.051 ps−1. (48)

7 Combined result

The four results given above were not from completely in-
dependent samples. In fact, while the overlap between the
D∗± − Qhem channel and the other samples is negligible,
the lepton-lepton channel and theπ∗ − ` samples are al-
most entirely contained in thè−Qhem one. If theπ∗ − `
candidates were removed from the` − Qhem sample, the
composition of the resulting sample would no longer be uni-
versal, as assumed previously, because they are enriched in

Table 7. Statistical correlations between the four analyses presented in this
paper

Analysis Lepton-Qhem InclusiveD∗ Lepton-lepton ExclusiveD∗

Lepton-Qhem 1.00 0.16 0.19 0.05

InclusiveD∗ 1.00 0.16 0.04

Lepton-lepton 1.00 0.07

ExclusiveD∗ 1.00

B0
d decays. Consequently, additional systematic uncertain-

ties would have to be introduced, based on the simulation.
Therefore, a different procedure was used to combine these
measurements.

To write the error matrix, the statistical correlations be-
tween the samples were first estimated with simple hypothe-
ses. Considering that the sensitivity to∆md of the different
procedures was quite different (even with samples a factor
10 smaller, the lepton-lepton andπ∗ − ` channels have sta-
tistical errors similar to thè−Qhem channel), the effect of
removing the small number of events used in the analysis
with high sensitivity from the large sample analyzed with
lower sensitivity was found to be quite small. In more de-
tail, callingσ1 andσ2 the errors obtained with two methods,
the errorσ∗1 , expected from the low sensitivity method once
the smaller sample was removed, was evaluated by taking
into account the different signal to noise ratios. Since the
samples with corresponding errorsσ∗1 and σ2 are uncorre-
lated, they can be combined to obtain an errorσcomb with
the usual weighting procedure. Imposing the condition

1
σ2
comb

=

(
1
σ2

1

+
1
σ2

2

− 2ρ
σ1σ2

)
1

1− ρ2
,

the equation can be solved for the correlationρ between the
two samples. All the correlation values were found to be
below 20%, see Table 7. This evaluation was verified using
the simulation, by removing common events and using the
exact sample composition, which is known in this case.

The stability of the result and of the estimated errors
was checked by changing the correlations from the values
obtained from the previous equation to the ones given by the
Monte Carlo. The variations were found to be negligible.

The systematic errors were then included in the error
matrix in the standard way, taking into account the com-
mon parts. The combined estimate for the mass difference
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between the two physical B0
d mass eigenstates, taking into

account the statistical and systematic correlations between
the individual measurements, was thus found to be:

∆md = 0.497± 0.026± 0.023 ps−1, (49)

based on the four evaluations described in this paper.
The measured value of∆md was obtained using as an

external parameterχd as given in Table 1.∆md andχd are
related as in (7). Therefore the above value of∆md could be
used to obtain a new value ofχd which could then be used
in the analysis instead of the external value alone. To check
what the effect would be, an iterative procedure was applied
in which a weighted average value ofχd, obtained from the
present∆md and the external parameter, was input to the
∆md fit. An alternative method was suggested in [18]. The
two procedures gave a similar result, which was only slightly
displaced from the quoted average (namely∆md = 0.499±
0.036 ps−1). The dependence on the external parameter was
also found to be negligible.

8 Conclusion

Using data registered with the DELPHI detector between
1991 and 1994 and considering the correlation betweena)
the sign of a D∗± or of a lepton emitted at largept relative
to its jet axis andb) either the sign of the weighted sum of
charged particles produced in the opposite event hemisphere
or that of a highpt lepton in that hemisphere to define mixed
and unmixed candidates, the mass difference between the B0

d
mass eigenstates was measured in four channels to be:

∆md = 0.523± 0.072± 0.043 ps−1 (D∗± −Qhem)

∆md = 0.493± 0.042± 0.027 ps−1 (`−Qhem)

∆md = 0.499± 0.053± 0.015 ps−1 ((π∗ − `)−Qhem)

∆md = 0.480± 0.040± 0.051 ps−1 (`− `).

The combined result, taking into account statistical and sys-
tematic correlations between these measurements, is:

∆md = 0.497± 0.035 ps−1.

This result supersedes all previous DELPHI measurements
on ∆md.

Using the value for the B0d lifetime given in Table 1, it
also follows that :

χd = 0.188± 0.019.
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