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Measurement of B
0
d - B

0
d oscillations

DELPHI Collaboration

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 a b
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 �B meson when it decays.
With 3.2 million hadronic Z0 decays registered by DELPHI between 1991 and
1994, the mass di�erence �md between the two physical B

0
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 ((�� � `) �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 = 0:496 � 0:034 ps�1:

(To be submitted to Zeit. f. Physik C)
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1 Introduction

In the Standard Model, B0
d
� B0

d
mixing is a direct consequence of second order weak

interactions. Starting with a B0
d
meson produced at time t=0, the probability, P, to

observe a B0
d
decaying at the proper time t can be written, neglecting e�ects from CP

violation:

P(B0
d
! B0

d
) =

�d

2
e��dtfcosh(��d

2
t) + cos(�mdt)g (1)

where �d =
�H
d

+ �L
d

2
, ��d = �H

d
� �L

d
, �md = mH

d
� mL

d
, and L and H denote

the light and heavy physical states respectively. The oscillation frequency gives a direct
measurement of the mass di�erence between the two physical states. The Standard Model
predicts that ��d � �md, in which case the above expression simpli�es to :

Punmix:

B
0

d
= P(B0

d
! B0

d
) = �de

��dt cos2(
�mdt

2
) (2)

and similarly:

Pmix:

B0

d
= P(B0

d
! B0

d
) = �de

��dt 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

6�2
jVtbj2 jVtdj2 mt

2 mBd
f2
Bd

BBd
�B F (xt): (4)

In this expression GF is the Fermi coupling constant, Vtb and Vtd are elements of the CKM
matrix, fBd and BBd

are the pseudoscalar decay constant and the bag factor respectively
and are of non-perturbative origin, �B 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
perturbative corrections entering into �B and of the running of the t quark mass, have
to be de�ned in a consistent way. The measured value of the pole quark mass has to be
corrected downward by 7 � 1 GeV/c2 [3]. In the MS scheme the following values have
been obtained:

mt = 168 � 9 GeV/c2; �B = 0:55 � 0:01 (6)

The largest theoretical uncertainties originate in the evaluation of the parameters fBd and
BBd

and from jVtdj (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 of fBd and BBd

, jVtdj can be determined.
The time integrated mixing probability,

�d =
x2
d

2(1 + x2
d
)

(7)

with xd = �md

�d
, has been measured at the �(4S) [4] and �� = fd�d + fs�s where fd

and fs are the Bd and Bs fractions in b jets, has been measured at LEP and at hadron
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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 hadronic Z0 decays

registered by DELPHI between 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 transverse to the sphericity axis, a production sign is de�ned in one
hemisphere which is correlated with the b=�b nature of the initial quark at the production
point, while in the other hemisphere a) the decay time of the B hadron candidate is
evaluated, and b) a decay sign is de�ned, 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
(the hemisphere-charge Q

hem
), is used to de�ne the production sign. The decay sign is

obtained either from the sign of another high pt 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 recon-
struction 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.

Sect. 2 describes the components of the DELPHI detector which are important for
this analysis. Sect. 3 explains the event selection and Monte Carlo simulation. The
measurement of the b quark charge using the jet-charge is described in Sect. 4. Sect. 5
gives the measurements of �md from the exclusive reconstruction of D�� decays. Sect. 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 DELPHI detector at LEP
running near the Z0 peak. The performance of the detector is described in [7]. The
relevant parts for lepton identi�cation are the muon chambers and the electromagnetic
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 de�ned with z along the e� beam, x towards the
centre of LEP, and y upwards. The angular coordinates are the polar angle �, measured
from the z axis, and the azimuth angle �, measured from the x-axis. R is the radial
distance from the z-axis.

The muon chambers are drift chambers located at the periphery of DELPHI. The
barrel part (�0:63 < cos � < 0:63) is composed of three sets of modules, each of two
active layers, that give z and R� coordinates. In the forward part, two layers of two
planes give the x and y coordinates in the transverse plane. The precision of these
detectors has to be taken into account for muon identi�cation: it has been measured to
be �1 cm in z and �0:2 cm in R� 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
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muon chambers, which largely determines the hadron contamination, is approximately 8
for � = 90�.

Electrons are absorbed in the electromagnetic calorimeters. The High density Pro-
jection Chamber (HPC), which covers the angular region used in this analysis, provides
three dimensional information on electromagnetic showers. It has 18 radiation lengths
thickness for � = 90�.

During the �rst 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 particle tracks in the transverse plane
with respect to the beam direction (R�) with a precision of �8 �m. 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
q
202 + (65=p)2

�m (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, providing additional accurate
measurements of the charged particle trajectories along the beam direction (z). The single
hit precision of the z coordinate is a function of the incident angle of the track, reaching
a value of �9 �m for tracks perpendicular to the modules.

The 192 sense wires of the TPC measure the speci�c energy 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 identi�cation.

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 threshold, 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 (assuming 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 clustering analysis based on the
JETSET algorithm LUCLUS with default parameters [10] was used to de�ne jets, using
both charged and neutral particles. These jets were used to compute the pt of each
particle in the event, de�ned 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 (DELSIM) [7].

The values of the parameters which are relevant for the four analyses of this paper are
given in Tab. 1.
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4 b(b) tagging using the hemisphere charge

The mean charge of an event hemisphere was de�ned as

Qhem =

P
n

i=1 qi(~pi:~es)
�P

n

i=1(~pi:~es)
�
; (8)

where qi and ~pi are the charge and the momentum of the particle i respectively, ~es is
the unit vector along the sphericity axis, � 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 the b charge determination depends on the b hadron type and, for Bd and
Bs mesons, it is also sensitive to the time-integrated value of the mixing.

The value chosen for � corresponds to the best separation between the Qhem distribu-
tions of the b and �b quarks according to the simulation. For pure bb events, if a b candidate
is selected by requiring Qhem > 0:0, the fraction of correct tags, �Q

b
, is (64:2 � 0:2)%. In

order to improve �Q
b
, events were selected by requiring jQhemj to be larger than a cer-

tain smallest value �Q
hem

. If ftag: is the fraction of tagged b or b events after this
requirement, the statistical signi�cance of a signal from oscillations is proportional toq
ftag: � (2�Q

b
� 1), and was found using simulated events to be optimized for a value

of �Q
hem

= 0:1, yielding �Q
b
= 68:8% and ftag: = 67:5%. Therefore, this value of �Q

hem

was used.
The value of the tagging purity, �Q

b
, depends on details of the hadronization of b quarks,

of B hadron decay properties and production rates, and of the capabilities of the charged
particle reconstruction algorithm. In order to reduce systematic uncertainties, �Q

b
was

measured, simultaneously with �md, directly from the data. For non-bb events, there is
no genuine oscillating component. The fractions of these events classi�ed as mixed, �mix:

c

and �mix:

h
corresponding to charm and light quark 
avours respectively, were determined

by simulation. The uncertainties on these parameters were obtained by comparing the
values of the tagging purities 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 correlating a) the sign of the D�� charge, which tags

the B 
avour at the time of decay (since D�� in these events are mainly produced from

B0
d
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
charge Qhem 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�+ ! D0�+

followed by D0 ! K��+, D0 ! K��+�0, or D0 ! K��+�+�� y. The selection criteria
relied mainly on the small mass di�erence between D�+ and D0 mesons.

yCharge conjugates of all the decays are always implicitly included.
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The decays D0 ! K��+ and K��+�0 were reconstructed 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 assigning in turn the kaon or the pion mass
to each of the particles. The �0 in the D0 ! K��+�0 decay was not reconstructed.

The decay D0 ! K��+�+�� was reconstructed by analyzing all four track combina-
tions 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 required 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
combinatorial background, while the upper bound was selected to reject a large part of
the cc background, since D�� mesons produced in bb events have a softer energy spectrum
than those produced in cc events. About 50% of the D�� coming from cc are rejected by
requiring XD� < 0:5, whereas about 85% of the D�� from bb are retained.

Further selection criteria were applied which depend on the speci�c decay channel.

� D0 ! K��+.
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
combinatorial background, the cosine of the angle �� between the D0 
ight 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 cos �� were necessary in XD� range 0.15 < XD� < 0.25, because
of the larger combinatorial background. The distribution of the mass di�erence
�M =M(K��+�+)�M(K��+) 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��+�0.
Tighter selection criteria were applied than for the D0 ! K��+ channel since ,
because of the worse mass resolution due to the missing �0, a greater combinatorial
background is present. XD� had to be greater than 0.25, where ED� was obtained
from the sum of the kaon and charged pion energies. The invariant mass distribution
of the K��+ candidates does not peak at the nominal D0 mass value, because the �0

is not reconstructed. Instead, a broad peak in the invariant mass is observed around
1.60 GeV/c2, which corresponds to the kinematical con�guration with low energy
�0's. Thus, the mass of the D0 candidates was required to lie between 1.55 and
1.70 GeV/c2. The value of cos �� was required to be greater than �0:8. The dE/dx
measurement in the TPC and the kaon identi�cation in the RICH detector were used
to validate the kaon assignment for the D0 candidate. If no particle identi�cation
was available, the particle was kept as a kaon candidate. The distribution of the
mass di�erence �M obtained by applying the above selection criteria is shown in
Fig. 1b. In the range of �M between 0.140 and 0.152 GeV/c2, 3610 events are
observed; about 55% are expected to be true D��.

� D0 ! K��+�+��.
The invariant mass M(K��+���+) was required to be between 1.84 and 1.88
GeV/c2. A �t to a common vertex was performed with the �ve tracks from the
D�� decay, and the invariant mass of the combination M(K��+���+�+) was re-
stricted to the interval (1.975-2.050) GeV/c2. To reduce the combinatorial back-
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ground, particle identi�cation information was used for the candidate kaon from
the D0. The assignment was rejected if the kaon hypothesis was vetoed by the
RICH detector, or if the measured dE/dx was consistent with the pion mass hy-
pothesis and inconsistent with the kaon one. To reduce the level of combinatorial
background further, a requirement on the �2-probability of the D�� vertex �t was
applied. The loss induced by this requirement was checked using the subsample
of D�� with XD� between 0.35 and 0.5. These events were divided into two cate-
gories, above and below the �2-probability cut. The spectrum of the mass di�erence
�M = M(K��+���+�+) �M(K��+���+) shows a clear D�� peak for the above-
cut category, and no signi�cant signal is observed in the other. The �M distribution
obtained is shown in Fig. 1c. In the range 0:144 < �M < 0:147 GeV/c2, 7655 events
are observed, and 25% of which are expected to be true D��.

5.2 Decay length reconstruction

The determination of the decay length d relies on the reconstruction of primary and
secondary vertices. The mean positions of the beam in the horizontal (x) and vertical
directions (y) was measured from the data, for every 100 hadronic Z0 decays, with an
accuracy close to 10 �m in x and y. The event main vertex was obtained by using
all the reconstructed charged particle trajectories in the event and �nding a common
intersection point, compatible with the beam pro�le (�x = 150 �m, �y = 10 �m, but
here the e�ective vertical size of the beam interaction region is enlarged to 40 �m to
allow for possible misalignments). Tracks giving the largest contribution to the �2 were
successively eliminated until an acceptable vertex �t probability was obtained. For a b�b
event, the accuracy of the primary vertex reconstruction is 68 �m in x and 35 �m in y.

The D0 decay point was reconstructed from the K��+�+(�0) and K��+���+�+ com-
binations. The distance from the primary vertex to the D0 decay vertex was �rst calcu-
lated in the plane transverse to the beam axis. The value 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 length d was then determined in space by using the D�� meson direction. The
average precision on the decay length was found to be �d ' 300 �m 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 �tting 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, where mB; dB, and pB are the B0

d
mass, decay

distance, and momentum respectively, 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 de�ned for each event, which was the sum of the B0

d
and D0 proper times,

t = tB + tD. The theoretical probability distributions for the variable t were obtained by
convoluting the time dependent probability distributions (2) and (3) with the exponential
D0 decay distribution 1

�D
e�tD=�D , where �D is the D0 lifetime.
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The sum of B0
d
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 to dD was neglected, being of order of a percent with respect
to the other. The B0

d
momentum in equation (9) was taken as the mean fraction of the

beam momentum carried by the B0
d
. It was veri�ed with the Monte Carlo simulation

that the average fraction of the beam energy taken by the B0
d
is slightly a�ected by the

D�� selection criteria, and a correction was applied accordingly. Parametrizing the B0
d

momentum as a function of the reconstructed D�� momentum was also studied. The
resolution on t improved slightly by using such a parametrization, but the e�ect on the
measurement of �md was negligible. Therefore, the simpler approximation of the average
B0
d
momentum, pB ' 0:7pbeam, was used. The validity of the approximations involved

in equation (9) was veri�ed on a set of generated B0
d
events, passed through a detailed

simulation of the detector. The average resolution on t was found to be 0.4 ps, which is
su�cient for the measurement of the time dependent B0

d
mixing. The �nal normalized

probability distributions Pmix(unmix)

B0 (t;�md) were obtained by convoluting the theoretical
probabilities for the variable t with a Gaussian resolution function of standard deviation

�t =
h
(�d=d)

2 + (�p
B0
=pB0)2

i1
2

t, where �d was evaluated event by event (the typical value

was given in Sect. 5.2). An average value for �p
B0
=pB0 = 0:17 was used, as determined

from the simulation. The choice of a Gaussian distribution 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 distribution PB�(t) was determined

in a similar way as for Pmix(unmix)

B0 (t;�md), but without including the oscillation terms
of expressions (2) and (3).

When the D�� originates from a cc event, the variable t de�ned previously di�ers from
the D0 proper time by the ratio between the real D0 and the supposed B0

d
boosts. The

corresponding time distribution PC(t) was determined from the Monte Carlo simulation
and parametrized with an exponential 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
distribution, by requiring �M > 0:15; 0:15 (0:16) GeV/c2 for the K�; K��� (K��0)
candidates. The possibility of a time dependent oscillating contribution from the com-
binatorial 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 �t 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:

Lunlike = fB0

h
�D

�

b
Pmix

B0 (t;�md) + (1� �D
�

b
) Punmix

B0 (t;�md)
i

+ fB� �unlike
B� PB�(t)

+ fcc �
unlike

cc
PC(t)

+ fcomb �
unlike

comb
Pcomb(t); (10)

where

� fB0; fB�; fcc, and fcomb are the fractions of B
0
d
; B�; cc, and of the combinatorial

background in the selected sample of events;
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� �D
�

b
is the probability of correctly identifying the b or b quark in the hemisphere

opposite to the D�� and includes also the fact that there are B0 ! D��X where
the correlation between the B 
avour and the D�� charge is opposite to the one of
standard decays;

� �unlike
B�;cc;comb

are the probabilities of tagging B�; cc; and combinatorial background
events as unlike-sign candidates.

� From the simulation, the contribution from B0
s
mesons was found to be negligible

and is therefore not considered.

The likelihood function for like-sign events Llike was obtained by substituting all the
purities � in (10) by (1��). The values used for the di�erent 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 B0

d
. Therefore, only events having

jQhemj > 0:1 (see Sect. 4) were used. In order to be insensitive to details of the Monte
Carlo simulation, the maximum likelihood �t was performed leaving free both �md and
the probability �D

�

b
(de�ned in Sect. 5.3). Both �B and �D were �xed to the current

world averages. The values of �unlike
B� , �unlike

c�c , and fB� were taken from the simulation, as
was the e�ective time distribution of charm events. The remaining parameters and time
distributions were determined from the data. The values obtained for fcomb, �

unlike

comb
, and

rcc are summarised in Tab. 2. They were obtained as follows.

� The combinatorial background fractions, fcomb, were obtained from �ts to the �M
spectra. The signals were parametrized with two Gaussian distributions (K�, K��0)
and a Breit-Wigner distribution (K���), and the backgrounds with polynomials.

� The fractions �unlike
comb

of unlike-sign events in the combinatorial background were de-
termined by using the events outside the D�� peaks in the �M spectra.

� The fraction rcc of D�� originating from charm quark fragmentation,
rcc = fcc=(fcc + fB0 + fB�), was obtained by �tting the measured XD� distributions
to the sum of the distributions expected for b�b and c�c events, taken from the simu-
lation. The values obtained were in agreement with those obtained from the simu-
lation.

The B0
d
momentum was �xed according to the measured average fraction of the beam

energy carried by B hadrons given in Tab. 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 �t to the samples of K�, K��0

and K��� candidates was:

�md = 0:523 � 0:072 ps�1; �D
�

b
= 0:65 � 0:02: (11)

The �tted value of �D
�

b
may be compared with the measured value of �Q

b
= 0:673 � 0:005

obtained with the independent measurement described below in Sect. 6.3.2. However, it
should be noticed that �D

�

b
and �Q

b
are not expected to be exactly equal, because there are

suppressed decays B0 ! D��X, where the correlation between the B 
avour and the D��

charge is opposite to that in standard decays. These processes therefore tend to reduce
the value of �D

�

b
with respect to �Q

b
.

The experimental distributions of the decay distance for unlike and like-sign events are
shown in Fig. 2, with the result of the �t superimposed. The experimental distribution
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of the fraction of unlike-sign events versus the decay distance is shown in Fig. 3, with the
result of the �t superimposed.

Several systematic checks were performed:

� Fitting the B lifetime after �xing the charm and background time distributions and
fractions previously determined yielded �B =1.58�0.06 ps, in agreement with the
world average [12].

� An estimate of �unlike
cc

was obtained from the data in the following way. Events
rejected by the requirement XD� > 0:50 are enriched in cc events (' 80%). The
number of unlike-sign events in this sample, using the charge correlation e�ciencies
for non-charm events found in the simulation, gave �unlike

cc
= 0:67�0:02, in agreement

with the value 0:65 � 0:01 found in the simulation.
� Leaving the fractions of cc events free in the �t yielded r

K�;K���

cc
= 0:387 � 0:025

and rK��
0

cc
= 0:41 � 0:03, in agreement with the measured values given in Tab. 2.

� The e�ect of a possible bias induced by the vertex �2-probability cut in the D0 !
K��+�+�� channel was studied. Using a simulated sample of pure B0

d
mesons, �md

was determined with and without the probability cut, and no signi�cant di�erences
were observed.

� The �t was repeated using a parametrization of the B0
d
momentum as a function of

the reconstructed D�� momentum. The �tted value of �md changed by only 1%
from the value obtained assuming the B0

d
carried a �xed fraction of the beam energy.

� Applying the �tting 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 Tab. 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.
Di�erent parametrizations for the time distributions of charm and combinatorial
background events were used. The parametrizations for the combinatorial back-
ground distribution were varied according to the limited data statistics used for its
determination. The observed variations on �md were negligible. Varying the B0

d

decay length resolution by �20% changed �md by �0:002 ps�1. Changing the B
momentum resolution �p

B0
=pB0 = 0:17 � 0:03 by its uncertainty changed the �tted

value of �md by �0:020 ps�1.
� B and D lifetimes.
The values of the B and D lifetimes were varied according to their experimental
errors [12]. Changes in �md of �0:004 ps�1 and �0:001 ps�1, respectively, were
observed.

� 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 uncertainty on �md of �0:007 ps�1.

� Fractions rc�c, fcomb and fB�.
The fractions rc�c and fcomb were varied according to the values reported in Tab. 2.
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Both rc�c and fcomb contributed �0:003 ps�1 to the systematic error. The relative
importance of neutral and charged B decays in the selected D�� sample, which
determines the fractions fB0 and fB�, was taken from the D�� production rate in

the semileptonic decays. As shown below in Sect. 6.4.2, the process B0
d
! D�+`��`X

accounts for (83:2� 4:1)% of the D�� production in semileptonic decays. Assuming
factorization, this evaluation can also be used for inclusive D�� production. A ratio

N
B�

N
B
0+NB�

= 0:17 was used with a conservative uncertainty of �50% related to the

assumption of factorization, giving a systematic uncertainty on �md of �0:035 ps�1.
� Hemisphere charge probabilities.
The hemisphere charge probabilities �unlike

comb
were varied according to Tab. 2, giving a

change of �0:005 ps�1 on �md. For the probability �
unlike

cc
, the value 0:67�0:02 was

measured on the data (see Sect. 5.4). The corresponding uncertainty on �md was
�0:005 ps�1. The hemisphere charge probability �unlike

B� was varied according 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 correlation between
the charges of the B and D mesons. The e�ect on �md was �0:011 ps�1.

The total systematic error on �md deduced was �0:043 ps�1. Thus the mass di�erence
between the two physical B0

d
states measured in the D�� �Qhem channel is

�md = 0:523 � 0:072 � 0:043 ps�1: (12)

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 high pt lepton. Events with an identi�ed lepton with a transverse momentum pt
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 using the track classi�cation
provided by a general algorithm developed to reconstruct the decay vertex of the B
hadron.

The event main vertex was determined following the procedure 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. Particles 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 par-
ticles belonging to the jet were gathered into low mass clusters, using LUCLUS with the
parameter 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 contained more than one particle measured in the VD, a
secondary vertex was obtained from the particles belonging to the cluster, a pseudo-D
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track candidate was constructed, and the intersection of the pseudo-D track with the
lepton trajectory was evaluated. If a cluster contained only one particle measured in the
VD, its intersection with the lepton trajectory was evaluated. Among all these secondary
vertices, the one which has the largest statistical signi�cance z was kept.

Having selected the cluster which had the best chance to contain a majority of D decay
products, and to reduce possible biases on the measured decay length of the B hadron
induced by this selection, this cluster was used simply as a seed to �nd 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 relative to the direction of the momentum sum of the previously
retained particles. Then particles were added to the previously 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 distance dB was obtained from the projected distance dP between the
secondary and the primary vertices measured in the xy plane, from which dB is then
evaluated along the jet direction in space: dB = dP =sin �.

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 bene�t from the precise de�nition of the beam
position in the vertical direction. The tuning procedure is as follows [17].

Firstly, the measurement errors on the R� and z 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 de�ned by the main vertex and the jet direction at a positive
distance from the vertex in the direction of the jet momentum. Negative 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 �tted 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, measured on data, is always larger than unity. A scaling
factor is 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 smearing of the values of the simulated impact parameters is usually 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

zThe statistical signi�cance is de�ned as the distance between the secondary 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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for real data. A further smearing of the simulated impact 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 high pt 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 better estimate of the B momentum,
the measured energies and momenta were rescaled by a common factor (�) and a missing

four-momentum corresponding to a zero mass particle was added (E� ;
�!
P� ). After having

applied the energy and momentum conservation to the complete event,

�� (
���!
Phem1 +

���!
Phem2) +

�!
P� =

�!
0 (14)

�� (Ehem1 + Ehem2) + E� = 2 Ebeam (15)

the unknowns were determined. The mean value of � 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 approximation to
the B momentum was then obtained using the simulation, by correcting for the average
di�erence between the above estimator and the true B momentum, parametrized as a
function of the reconstructed B momentum.

Finally a global �t was applied to all the measured quantities: the primary and sec-
ondary vertex positions (6 variables), and the momentum vectors of the lepton and of
the D and B mesons (9 variables). Three constraints were applied:

� 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 veri�ed on real data by selecting event samples depleted in B
meson decays [17]. To have a detailed description of the time resolution, the distribution
of the di�erence between the generated ( t0 ) and reconstructed ( t ) B decay proper
times RB(t

0 � 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
di�erent depending on the sign of t0 � 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
vertex. A Breit-Wigner distribution, centred on t = 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 semilep-
tonic decays x , since the parametrization of the di�erence between the true and measured

xIn this paper cascade decays refers to the decay b! c! lepton
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B momentum and the strategy for reconstructing the B decay point were tuned assuming
a direct semileptonic decay of a B hadron. This e�ect was veri�ed using the simulation,
and a di�erent parametrization, RBC(t

0 � t), was extracted for this category of leptons.
Finally the simulated time distribution for accepted events was compared with an

exponential distribution corresponding to the generated lifetime and an acceptance func-
tion, A(t0), was obtained.

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

For events originating from light and charm quark 
avours, the expected time distri-
butions, 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 identi�ed by combining the muon chamber hits with the tracking infor-
mation. The tracks of charged particles were extrapolated to the muon chambers and
then associated and �tted to the hits. The muon identi�cation algorithm is described in
[7]. The loose selection criterion had an e�ciency of 95 %, within the acceptance of the
muon chambers, with a misidenti�cation probability of 1.5 %. Tighter cuts gave 76 %
e�ciency with 0.44 % misidenti�cation probability.

The electron candidates were identi�ed by combining the electromagnetic shower in-
formation from the HPC with the particle ionization loss, dE/dx, measured by the TPC.
A sizeable fraction of electrons originates from photon conversions. 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 of the HPC, electrons
of momenta above 3 GeV/c were identi�ed with an e�ciency of 77 %. The probability
for a hadron to be misidenti�ed as an electron was below 1 %.

The e�ciency to identify leptons and the hadronic contamination were obtained using
the detailed simulation code of the DELPHI detector, and were checked on the data using
selected event samples such as K0

s
! �+��, Z0 ! �+��, converted photons before the

HPC, 

 ! `+`�, and hadronic � decays [7].
Candidate leptons were produced by semileptonic decays of B hadrons, D hadrons, and

light mesons. They also could be misidenti�ed hadrons or converted photons. Leptons
from cascade decays have wrong sign with respect to leptons from direct B decays for the
identi�cation of the b quark charge. Therefore, cuts were applied to the lepton total and
transverse momenta to minimize their contribution. The cut values were determined by
maximizing the product (f `

b
� f `

bc
)�pN`, where f

`

b
and f `

bc
are the respective fractions

of direct and cascade leptons in the total sample of N` lepton candidates. The fractions
of the di�erent categories of selected leptons, with pt > 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 �tting the (p; pt) distributions of the di�erent components to the corresponding
distribution for lepton candidates observed in the data.
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To study B-�B oscillations, lepton candidates in the simulated event sample were dis-
tributed into four classes according 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 the b quark present inside the B hadron. This class contained leptons
from direct b semileptonic decays and also, for example, those from cascade decays
of the type: B! DDsX with Ds ! `�X. Misidenti�ed hadrons with the same sign
as the b 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 the b quark.

� Class `c contained lepton candidates produced in charmed hadron decays.
� Class `h contained lepton candidates which were misidenti�ed hadrons or leptons
produced in light hadron decays or were from converted photons and which had not
fallen into the previous classes.

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

The semileptonic decay branching fractions used in the simulation were modi�ed to
agree with the measured values quoted in Tab. 1.

The fraction of fake lepton candidates was veri�ed 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 di�erent
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 transverse momentum larger than
1.2 GeV/c. Uncertainties attached to these fractions depend on the semileptonic branch-
ing fraction measurements, on the lepton identi�cation procedure, 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 critical 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 classi�ed on the basis of the product of the charge of the lepton, Q
`
,

identi�ed in one hemisphere, and of the mean charge, Qhem, measured in the opposite
hemisphere. Events were considered as mixed if Qhem � Q` > 0:1, and as unmixed if
Q
hem

� 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 time t, P like(t) or

Punlike(t) depending on its classi�cation, was evaluated:
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P like(t) = fb
P

q FBq
[�
Q

b
�`
Bq

(Pmix:

Bq
(t0)
RB(t

0 � t))

+ (1 � �
Q

b
)(1 � �`

Bq
) (Pmix:

Bq
(t0)
RBC(t

0 � t))

+ (1 � �
Q

b
)�`

Bq
(Punmix:

Bq
(t0)
RB(t

0 � t))

+ �
Q

b
(1� �`

Bq
) (Punmix:

Bq
(t0)
RBC(t

0 � t))]

+ fc�
like

c
PC(t)

+ fh�
like

h
PH(t)

(18)

Punlike(t) = fb
P

q FBq
[�
Q

b
�`
Bq

(Punmix:

Bq
(t0)
RB(t

0 � t))

+ (1 � �
Q

b
)(1 � �`

Bq
) (Punmix:

Bq
(t0)
RBC(t

0 � t))

+ (1 � �
Q

b
)�`

Bq
(Pmix:

Bq
(t0)
RB(t

0 � t))

+ �
Q

b
(1� �`

Bq
) (Pmix:

Bq
(t0)
RBC(t

0 � t))]

+ fc(1� �like
c

) PC(t)

+ fh(1� �like
h

) PH(t)

(19)

where

� fb, fc and fh, which satisfy fb+fc+fh=1, are the respective fractions of b, c, and
u; d; s 
avours 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 
avour q in the sample;

� �Q
b
and �`

Bq
are the probabilities to have the right sign for the quark at production

and decay times, respectively; �Q
b
is the purity of the tagging given by the hemisphere

charge, measured in the hemisphere opposite to the lepton, and its value was �tted
to the data simultaneously with �md;

� in Z0 ! cc events and for light 
avours, �like
c

and �like
h

are the fractions of events clas-
si�ed as mixed candidates from the relative signs of the lepton and the hemisphere
charge; their values were obtained from the simulation:

�like
c

= 0:370 � 0:005; �like
h

= 0:451 � 0:005; (21)

� Pmix:

Bq
(t0)
RB(t

0�t) = R Pmix:

Bq
(t0)RB(t

0�t)dt0 and similarly for the analogous terms.
The variable t0 is the true proper time of the B decay. For neutral B mesons, the
functions Pmix:

Bq
(t0) and Punmix:

Bq
(t0) were given in Sect. 1. For charged B mesons and

b baryons, the decay time distribution has a simple exponential behaviour. These
distributions have to be convoluted with the time resolution distributions, RB(t

0�t)
and RBC(t

0� t) for direct and cascade semileptonic B decays respectively, obtained
from the simulation.

� For Z0 ! cc and Z0 ! (light flavour) events, the reconstructed time distributions
obtained in the simulation were �tted directly to provide PC(t) and PH(t).

A maximum likelihood method was applied to the set of classi�ed events, and the
parameters �md and �

Q

b
were �tted by minimizing the following function :

L = �
X

like�sign events

ln(P like(t)) �
X

unlike�sign events

ln(Punlike(t)): (22)
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The result of the �t is:

�md = 0:493 � 0:042 ps�1; �
Q

b
= 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 �t 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 �tting procedure was veri�ed 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 �tting
procedure to fully simulated events generated with the values �md = 0:475 ps�1 and
�
Q

b
= 0:689 as a further cross-check gave:

�md = 0:490 � 0:027 ps�1; �
Q

b
= 0:693 � 0:004 (full simulation): (25)

6.3.3 Systematic uncertainties

The following systematic uncertainties, summarised in Tab. 4, were studied.

� Production rates of B hadrons.
Following the procedure described in [15], the values of �, �d and fb�baryon were
varied independently by their measured errors, giving correlated variations of fd and
fs and consequently of FBd

and FBs. The quantities �d and �md are related by
equation 7. This correlation is taken into account below in the combination of the
�md results from the di�erent analyses (Sect. 7).

� B meson lifetimes.

The central values and uncertainties given in Tab. 1 were used.
� Fractions of leptons.
A relative variation of �20%, corresponding to the accuracy of the measurement of
the fake lepton rate in the data, was applied to the fraction of fake leptons, leptons
from charm and cascade semileptonic decays. These variations were compensated
by a corresponding variation of the fraction of direct leptons. This variation takes
into account the systematic uncertainties coming from di�erent semileptonic B decay
models.

� Tagging purities : �like
c

; �like
h

.
Absolute variations of �2% were applied to the values of the tagging purities ob-
tained from the simulation for events containing a fake lepton or a lepton from
charm. These variations are similar to the deviations observed between the �tted
value of �Q

b
in the data as compared to the nominal value expected from the sim-

ulation. Simulation samples, which correspond to di�erent detector con�gurations
and di�erent tuning of the relevant parameters, were used to check the stability of
the values used for the tagging purities. The di�erence between the values obtained
does not exceed 0.5 %.

� Fraction of B0
d
in cascade decays.

In simulated events, the fraction of B0
d
in direct semileptonic decays is 39.2% and

it is 46% in cascade decays. In the �tting procedure, the fraction of B0
d
in cascade

semileptonic decays was taken equal to (46� 10)%, and this variation was compen-
sated by a change in the corresponding fraction of B� mesons.



17

� Control of the accuracy on the time measurement.
This was evaluated from the residual di�erence 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 di�erence 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 identi�ed high pt 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 identi�ed by an inclusive
method, based on the small Q value in the D�+ ! D0�+ decay, which allows the slow
�+ from that decay to be identi�ed. The identi�cation of the D��, and the fact that the
lepton and �+ 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 identi�cation of D�+ ! D0�+ in semileptonic decays
of B hadrons. This identi�cation 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 �nding the charged � from the D�� decay, called �� in the following.
A detailed description of the method used can be found in [15]. The �� candidate was
searched for among all the particles belonging to the jet, excluding the lepton candidate,
by computing the di�erence between the masses of two sets of particles. If the �� was
one of the B decay product candidates the following mass di�erence was evaluated:

�M = M(All B decay products) �M(All B decay products except the ��): (27)

If the �� was not one of the B decay product candidates, the evaluated mass di�erence
was:

�M = M(All B decay products plus the ��)�M(All B decay products) (28)

In the calculation of the above masses, the lepton candidate was always excluded. Two
classes of events were de�ned according to the relative charges of the �� and the lepton.
A semileptonic B0

d
decay should produce a lepton and a �� of opposite charge. For this

reason, opposite charge pairs de�ne right sign events, while same charge pairs, expected
from the background sources, de�ne wrong-sign events. Fig. 6 shows the �M distribution
for right- and wrong-sign events. An excess of right-sign events at low mass di�erence is
clearly seen. The level of the combinatorial background at the given value of �M was
obtained from the data, using the wrong-sign distribution multiplied by the ratio between
the numbers of right- and wrong-sign combinatorial background candidates observed in
the simulation at the same value of �M :

N
right�sign

comb
(data) = N

wrong�sign

comb
(data)

N
right�sign

comb
(sim:)

N
wrong�sign

comb
(sim:)

(29)
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In this expression, simulated events with a �� candidate really coming from a charged

D� decay were removed to obtain N
right�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 equation (29)
was fcomb = (30:6 � 1:5)%. 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.

6.4.2 Measurement of �md

The same method as that applied to the ` � Qhem analysis was used. The main dif-
ference concerned the evaluation of the di�erent components entering into the likelihood
function. Events in the �� signal and in the combinatorial background were considered
separately:

P like(t) = (1 � fcomb)P like

��
(t) + fcombP like

comb
(t) (30)

and similarly for Punlike(t). For events in the �� signal:

P like

��
(t) = f�

�

B
[ F �

�

Bd
((�Q

b
Pmix:

Bd
(t0) + (1� �

Q

b
)Punmix:

Bd
(t0))
R�

�

B
(t0 � t))

+ F �
�

Bu
(1� �

Q

b
)(PBu(t

0) 
R�
�

B
(t0 � t))

+ F ��

Bs
((�Q

b
Pmix:

Bs
(t0) + (1 � �Q

b
)Punmix:

Bs
(t0))
R��

B
(t0 � t)) ]

+ (1� f�
�

B
)�like

back:
Pback:(t)

(31)

and

Punlike

��
(t) = f�

�

B
[ F �

�

Bd
(((1� �Q

b
)Pmix:

Bd
(t0) + �Q

b
Punmix:

Bd
(t0))
R�

�

B
(t0 � t))

+ F �
�

Bu
�
Q

b
(PBu(t

0)
R�
�

B
(t0 � t))

+ F �
�

Bs
(((1� �

Q

b
)Pmix:

Bs
(t0) + �

Q

b
Punmix:

Bs
(t0))
R�

�

B
(t0 � t)) ]

+ (1� f�
�

B
)(1� �like

back:
)Pback:(t)

(32)

where f�
�

B
is the fraction of events with a high pt lepton from a direct semileptonic B

hadron decay, and F �
�

Bd
, F �

�

Bu
and F �

�

Bs
are the respective fractions of events from B0

d
, B�

and B0
s
inside this category.

These fractions F �
�

Bq
are given by the relative production rates of di�erent B hadrons

in a b quark jet and the relative production rates of charged D�+ in their semileptonic

decays. Apart from the B0
d
, which has a relatively large decay rate through the exclusive

channel B0
d
! D�+`�`, the other contributions originate from D�� decays. Their values

were normalized to the acceptance for the exclusive channel B0
d
! D�+`��`. They are

[15]:
F ��

Bu
= (15:4 � 3:9)%; (33)

F �
�

Bs
= (1:4� 1:4)%; (34)

and therefore
F �

�

Bd
= 1� F �

�

Bu
� F �

�

Bs
= (83:2 � 4:1)%: (35)

The value of F ��

Bd
includes the expected fraction of charged D�� produced in D�� decays,

(7:4 � 1:4)% [15]. No signi�cant contribution was expected from b baryon semileptonic
decays, so they were neglected.
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According to the simulation, leptons from cascade decays give only a small contri-
bution, f `

bc
= (1:0 � 0:1)%, since their contribution is suppressed by about an order of

magnitude because cascade decays in the right-sign sample have to originate from mech-
anisms 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 contribution, giving:

1 � f�
�

B
= f `

h
+ f `

bc
= (3:8� 0:2)%: (36)

As their relative fraction is smaller than in the `�Qhem analysis, all events in which the
lepton was not from a direct semileptonic decay of a B hadron were considered together.
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, �like

back:
= 0:44.

Similar expressions as for P like(unlike)

�� (t) were derived for events in the combinatorial
background, i.e. for P like

comb
(t) and Punlike

comb
(t). The fraction of these events, fcomb, was

evaluated to be 0:300 � 0:018 [15]. For these events, di�erent time resolution functions,
Rcomb

B
(t0 � t), were obtained from the simulation. In the combinatorial background, the

relative fractions of direct leptons from the di�erent 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 combinatorial 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 di�erent lepton selection was used and also because there may be
several �� � ` pair candidates.

The fraction of non-direct lepton candidates in the combinatorial background was thus
evaluated to be (29:2 � 1:0)%.

Using the above values, the values of �md and �Q
b
which correspond to the maximum

of the log-likelihood distribution were obtained:

�md = 0:499 � 0:053 ps�1; �Q
b

= 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 �t superimposed. The experimental distribution of the
fraction of like-sign events versus the decay time is shown in Fig. 8.

The same �tting procedure was repeated on simulated events, generated with the
values �md = 0:475 ps�1 and �

Q

b
= 0:691, and gave:

�md = 0:507 � 0:028 ps�1; �Q
b

= 0:699 � 0:007 (simulation) (38)

On dedicated samples of simulated events containing only pure B0
d
! D�+`�` decays, the

corresponding result was:

�md = 0:487 � 0:016 ps�1; �Q
b

= 0:693 � 0:006 (simulation) (39)
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6.4.3 Systematic uncertainties

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

� Fraction of B0
d
in the �� signal, F �

�

Bd
.

The uncertainty on this parameter depends on the corresponding error on the D��

production rate in B hadron semileptonic decays.
� Uncertainty on the level of the combinatorial background.
This was discussed in the previous subsection.

� Fraction of direct leptons from B decays in the signal.
The level of fake leptons and of leptons from cascade decays, in the �� signal, is
reduced by about an order of magnitude compared to the inclusive lepton analysis.
Thus, only a very small e�ect is expected from this source.

� Fraction of B0
d
in the combinatorial background, �comb

Bd
.

The main uncertainty on �comb

Bd
, which is equivalent to fd, comes from the knowledge

of b baryon production in jets, fb�baryon, as noticed in the ` �Qhem analysis.

� Lifetime di�erence between the B0
d
and all B hadrons.

A variation of �0:05 ps on the B0
d
lifetime was used.

� Rate of fake leptons.
As noticed, this is expected to be larger than observed in the `�Qhem analysis, and
rather conservative uncertainties were used.

� Tagging purity for fake leptons.
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 (���`)�Qhem channel, the measured mass di�erence 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,
pro�ts 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 the pt cut was slightly
modi�ed in order to increase the e�ciency. 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 direct b semileptonic decay than for the other
sources of �nal state leptons. An optimization of the e�ciency 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.
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The double lepton tag has the additional advantage of reducing the non-b background.
As a consequence, the fractions of lepton candidates in the classes of simulated events
de�ned 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 classi�ed as mixed if the charge of the two leptons
was the same, and as unmixed if they were di�erent. The numbers of events classi�ed as
mixed and unmixed were 1579 and 3199 respectively.

If only one hemisphere had a reconstructed secondary vertex with a corresponding
measured proper time t, the probabilities of obtaining such a time were expressed by
equations (18) and (19), using appropriate values for �tag

x
. In particular

�
Q

b
=

P
q FBq�

`

Bq
(1�Pmix:

Bq
(t0)
RB(t

0 � t))

+
P

q FBq(1� �`
Bq
)Pmix:

Bq
(t0)
RB(t

0 � t):
(42)

The integrals in this expression are null for charged B mesons and b baryons and corre-

spond to the time integrated probabilities for mixing �q =
x
2
q

2(1 + x2q)
for neutral B mesons

(here q = d; s). Therefore �Q
b
is implicitly a function of �md, so the hemisphere without

time measurement also provides information on �md. In (18) and (19), �like
c

and �like
h

refer to the total probabilities of classifying charm and combinatorial background events
as mixed. Their values here, taken from the simulation, are �like

c
= 18% and �like

h
= 49%.

The events with a reconstructed secondary vertex on each hemisphere had two mea-
sured proper times, t1 and t2, and the probabilities of being classi�ed as mixed or unmixed
were expressed as functions of both times:

P like(t1; t2) =

fb
P

q FBq(�
`

Bq
Pmix:

Bq
(t01)
RB(t

0

1 � t1) + (1� �`
Bq
)Punmix:

Bq
(t01)
RBC(t

0

1 � t1))P
q FBq(�

`

Bq
Punmix:

Bq
(t02)
RB(t

0

2 � t2) + (1� �`
Bq
)Pmix:

Bq
(t02)
RBC(t

0

2 � t2))

+ fb
P

q FBq(�
`

Bq
Punmix:

Bq
(t01)
RB(t

0

1 � t1) + (1� �`
Bq
)Pmix:

Bq
(t01)
RBC(t

0

1 � t1))P
q FBq(�

`

Bq
Pmix:

Bq
(t02)
RB(t

0

2 � t2) + (1� �`
Bq
)Punmix:

Bq
(t02)
RBC(t

0

2 � t2))

+ fc �
like

c
PC(t1)PC(t2)

+ fh �
like

h
PH(t1)PH(t2)

(43)

The function Punlike(t1; t2) was obtained from this formula by appropriately replacing
Punmix:

Bq
(t0), �like

c
, and �like

h
in a single hemisphere by Pmix:

Bq
(t0), (1 � �like

c
), and (1 � �like

h
)

respectively, and vice-versa.
The distribution to be minimized as a function of the parameter �md was then the

sum of two parts:

Lsingle = �
singleX

like�sign events

ln(P like(t)) �
singleX

unlike�sign events

ln(Punlike(t)) (44)

and

Ldouble = �
doubleX

like�sign events

ln(P like(t1; t2)) �
doubleX

unlike�sign events

ln(Punlike(t1; t2)); (45)
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where the �rst 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 �t superimposed. A projection on a single time axis of
the time distribution for the mixed event fraction is shown in Fig. 10.

The same �tting 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 measurement is similar to that
described for the ` � Qhem channel. However, since the maximum likelihood �t was a
function of �md only, the e�ect of the same variations of the parameters as summarized
in Tab. 4 were di�erent. This was particularly true for the variation of f `

bc
which, in

the ` � Qhem channel, was partially compensated by a variation of the �tted value of
�Q
b
. In this analysis, the contribution from the variation of f `

bc
to the systematic error on

�md was the most relevant one, as can be seen from Tab. 6, where its contribution is
summarized in the total wrong charge rate

P
q(1��`Bq) . The total systematic uncertainty

on the measurement of �md for the ` � ` channel was found to be �0:051 ps�1, so that
in this channel the measured mass di�erence 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 independent samples. In fact,
while the overlap between the D���Qhem channel and the other samples is negligible, the
lepton-lepton channel and the ���` samples are almost entirely contained in the `�Qhem

one. If the ��� ` candidates were removed from the `�Qhem sample, the composition of
the resulting sample would no longer be universal, as assumed previously, because they

are enriched in B0
d
decays. Consequently, additional systematic uncertainties would have

to be introduced, based on the simulation. Therefore, a di�erent procedure was used to
combine these measurements.

To write the error matrix, the statistical correlations between the samples were �rst
estimated with simple hypotheses. Considering that the sensitivity to �md of the di�erent
procedures was quite di�erent (even with samples a factor 10 smaller, the lepton-lepton
and �� � ` channels have statistical errors similar to the ` �Qhem channel), the e�ect 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 detail,
calling �1 and �2 the errors obtained with two methods, the error ��1, expected from the
low sensitivity method once the smaller sample was removed, was evaluated by taking
into account the di�erent signal to noise ratios. Since the samples with corresponding
errors ��1 and �2 are uncorrelated, they can be combined to obtain an error �comb with
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the usual weighting procedure. Imposing the condition

1

�2
comb

=

 
1

�21
+

1

�22
� 2�

�1�2

!
1

1� �2
;

the equation can be solved for the correlation � between the two samples. All the correla-
tion values were found to be below 20%. This evaluation was veri�ed using the simulation,
by removing common events and using the exact sample composition, which is known in
this case. The systematic errors were then included in the error matrix by taking into
account the common parts.

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 combined estimate for the mass di�erence between the two physical B0
d
mass

eigenstates was thus found to be:

�md = 0:496 � 0:034 ps�1; (49)

based on the four evaluations described in this paper.
The value of �d measured at the �(4S) was used as an external parameter for the

measurement of �md, and �md and �d are related by equation (7). However, this
correlation is important only for the (` � `) analysis, see Tab. 6. It was checked by an
iterative procedure that the �nal result is stable with respect to the input �d value.

8 Conclusion

Using data registered with the DELPHI detector between 1991 and 1994 and consider-
ing the correlation between a) the sign of a D�� or of a lepton emitted at large pt relative
to its jet axis and b) either the sign of the weighted sum of charged particles produced
in the opposite event hemisphere or that of a high pt lepton in that hemisphere to de�ne
mixed and unmixed candidates, the mass di�erence 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 ((�� � `) �Qhem)

�md = 0:480 � 0:040 � 0:051 ps�1 (` � `):

The combined result, taking into account statistical and systematic correlations between
these measurements, is:

�md = 0:496 � 0:034 ps�1:

This result supersedes all previous DELPHI measurements on �md.
Using the value for the B0

d
lifetime given in Tab. 1, it also follows that :

�d = 0:188 � 0:023:
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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]

� 0:1217 � 0:0046 [14]

�d 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)% (y)
fs (10:2� 2:0)% (y)

Table 1: Relevant parameters used in the analyses. The quantity Br�� is de�ned as
the branching fraction for a B meson to decay into the D�(0;+)X`��` �nal state with the

D�(0;+)X system originating from a D�� decay. The quantity Br�, is the branching fraction
of a B hadron into D��`��`.
(y) The values of fd and fs were determined following the procedure explained in [15] using
�s = 0:5 and the values of � and �d given in the Table. The error on fd is dominated
by the uncertainty on fb�baryon. The error on fs receives similar contributions from the
errors on � and �d.



26

Decay mode �M(GeV/c
2
) Events fcomb �unlike

comb
rcc

K��+ 0.1445 - 0.1465 2299 0:324 � 0:030 0:489 � 0:007 0:34 � 0:04

K��+�0 0.1400 - 0.1520 2491 0:450 � 0:050 0:509 � 0:011 0:40 � 0:05

K��+���+ 0.1440 - 0.1470 5192 0:752 � 0:071 0:499 � 0:004 0:34 � 0:04

Table 2: Values of the parameters used in the likelihood �t which are obtained from the
data (see Sect. 5.4). The numbers of events quoted are after the requirement jQhemj > 0:1.

Contribution variation of �md (ps
�1)

Time parametrization and B momentum resolution �0:020
B lifetime �0:004
D lifetime �0:001

B momentum parametrization �0:007
Fraction of charm events, rc�c �0:003
Fraction of background, fcomb �0:003

Fraction of B�, fB� �0:035
�unlike
comb

�0:005
�unlike
c�c �0:005
�unlike
B� �0:011
Total �0:043

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 di�erent parameters.
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Parameter central value range of variation variation of �md (ps
�1)

� 0.1217 �0:0046 �0:0005
�d 0.175 �0:016 �0:0006

fb�baryon 0.087 �0:029 �0:010
< � (B) > 1.549 ps �0:020 ps �0:0008

� (B0
d
)= < � (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
�like
c

37% �2% �0.009
�like
h

45% �2% �0.014
B0
d
cascade fraction 46% �10% �0.007

control of t measurement �0.009
Total �0.027

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 di�erent parameters.

Parameter central value range of variation variation of �md (ps
�1)

F �
�

Bd
0.832 �0:041 �0:012

fcomb 0.300 �0:018 �0:001
fb�baryon 0.087 �0:029 �0:002

� (B0
d
)= < � (B) > 1.007 �0:041 �0:001
f `
h

0.292% �0:010% �0:002
�like
h

45% �2% �0:001
control of t measurement �0:009

Total �0:015

Table 5: 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 di�erent parameters.
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Parameter central value range of variation variation of �md (ps
�1)

�� 0.1217 �0:0046 �0:018
�d 0.175 �0:016 +0:025 � 0:027

fb�baryon 0.087 �0:029 �0:005
< � (B) > 1.549 ps �0.020 ps �0:001

� (B0
d
)= < � (B) > 1.007 �0:041 �0:017 + 0:014

f `
c
; f `

h
0.047, 0.014 �15% �0:004

�like
c

; �like
h

0.018, 0.018 �10% �0:005 + 0:006P
q(1 � �`

Bq
) 0.114 �6% �0:030 + 0:032

control of t measurement �0:019
Total �0:051

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 di�erent parameters.
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Figure 1: Distribution of �M for a) K� , b) K��0 and c) K��� D0 decay candidates.
The results of the �ts, with signal and background shapes described in the text, are
superimposed.
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Figure 2: The distribution of the decay length for a) unlike-sign events and b) like-sign
events in the D�� �Qhem channel. The dots with the error bars represent the data. The
curve is the result of the �t. The equivalent range in the time variable t is given on the
upper horizontal axis.



31

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

-0.5 0 0.5 1 1.5 2 2.5 3
Decay Length (cm)

R
=(

un
lik

e-
si

gn
)/

(li
ke

-s
ig

n+
un

lik
e-

si
gn

) -2 0 2 4 6 8 10 12 14

t (ps)
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the result of the �t. The equivalent range in the time variable t is given on the upper
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Figure 4: Time distributions for a) like-sign and b) unlike-sign events in the ` � Qhem

channel. The curves are the result of the log-likelihood �t.
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plied by the ratio of right-sign to wrong-sign measured in the simulation in each bin of
the �M variable.
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analysis. The curves are the result of the log-likelihood �t.
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Figure 8: Time dependence of the fraction of like-sign events in the (�� � `) � Qhem

channel. The curve is the result of the log-likelihood �t.
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Figure 9: Time distributions for a) like-sign and b) unlike-sign events in the `�` channel.
The curves are the result of the likelihood �t.
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Figure 10: Fraction of mixed events versus measured time for lepton-lepton candidates.
Events with two time measurements enter twice. The full line corresponds to the predic-
tion for �md = 0:480 ps�1 projected on a single time axis.


