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Study of B0
s-Bs

0
oscillations using fully

reconstructed B0
s and D�s � ` events

PRELIMINARY

The ALEPH Collaboration

Abstract

A lower limit on the oscillation frequency �ms of the B
0
s -Bs

0
system is obtained from

recently reprocessed events taken with the ALEPH detector at LEP from 1991 to
1995. Fifty B0

s candidates with a purity of about 40% are fully reconstructed in the
D�

s �
+ and D�

s a
+
1 decay modes in which the D�

s decays into ��� or K�0K�. In addition,
leptons are combined with fully reconstructed D�

s candidates as evidence for B0
s decays,

reconstructed in eight di�erent decay modes, leading to 297 events. The initial state of
the B0

s candidates has been determined using a neural network algorithm optimized to
eÆciently use the information of both sides of the event, with an average mistag rate
of about 26%. The limit at 95% con�dence level on �ms has been determined to be
�ms > 5:4 ps�1, with an expected sensitivity of 7:4 ps�1.

Corresponding author: Fabrizio Palla (Fabrizio.Palla@cern.ch)



1 Introduction

The determination of the B0
s - Bs

0
oscillation frequency �ms is one of the major issues

in the study of avour dynamics. So far, no experiment has yet directly observed B0
s

oscillations, but a lower limit on �ms of 14.3 ps�1 has been set [1]. The present limit
requires improvement of the proper time resolution of the oscillation analyses, since, in
a simpli�ed approximation, the damping of the oscillation e�ect coming from it has an
exponential behaviour � exp(��ms�t)[2], where the �t is the error on the proper time.
Fully reconstructed B0

s decays can help in the large �ms region, as already shown by
DELPHI [3], due to their small proper time uncertainty with respect to other analyses.

During 1998 the LEP1 ALEPH data were reprocessed using a re�ned version of the
reconstruction program. The main improvements concern track reconstruction and
particle identi�cation. A reanalysis of events containing a fully reconstructed D�

s and
a lepton has been performed, improving the selection eÆciency by about 20%. A more
powerful parametrization of the background and a better momentum error estimate
allow substantial improvements at large �ms values compared to the old analysis [4, 5].

This paper presents the result of two analyses, one using D�
s � ` events in which

the D�
s is completely reconstructed, and another, a new analysis, using exclusively

reconstructed B0
s decays in totally hadronic �nal states. The full LEP1 statistics are

used, which amount to about 4 million hadronic Z decays.
The paper is organized as follows. The next section deals with the D�

s � ` events
analysis, while Section 3 describes the fully reconstructed events analysis. Section
4 describes the tagging algorithm while in Section 5 the oscillation analysis and the
systematic checks are discussed.

2 Reconstruction of B0
s ! D�s `

+
�(X) decays

2.1 Event selection

In this section the selection of a sample of B0
s candidates in the B

0
s ! D�

s `
+�(X) decay

channel, where the D�
s is completely reconstructed, is presented.1

The D�
s is reconstructed in six hadronic decay modes, ���, K�0K�, K�K0

S, ��
�,

K�0K��, ��+����, and two semileptonic modes, �e+�e and ��+��. The sources of
background in the selected sample are: 1) b ! Ds

�D(s)X events, where D(s) !
`+�(X); 2) kinematic reections in the K�0K� (K�K0) channel, from D� ! K�0��

(K0
S�

�) decays; and 3) combinatorial background.
Cuts were optimized using about 8 million fully simulated Z ! q�q events, 4 million

Z ! b�b events and samples of dedicated signal as well as background events.
The kaon identi�cation requires a momentum of at least 1.5 GeV/c (to ensure a

good kaon/pion dE=dx separation) and �� + �K < 1, where �H is the the di�erence
between the measured and expected dE=dx ionization divided by its expected error.
The pion identi�cation requires j��j < 3 and a momentum larger than 0.5 GeV/c. The
lepton identi�cation is performed using standard criteria [7].

1Unless stated explicitly, charge conjugate states are implied.



The event selection proceeds similarly to the one described in [4, 5]. The invariant
masses of the �, K�0, K0

S, K
�+ and �+ mesons (being reconstructed respectively in the

K+K�, K+��, �+��, K0
S�

+ and �+�0 �nal states) must lie within � 6, � 50, � 15
and � 150 MeV/c2 of their nominal mass. The lepton from the B0

s is required to have
a momentum larger than 2.5 GeV/c. The reconstructed D�

s candidate is extrapolated
back and vertexed together with the lepton to get the B0

s decay vertex. The vertex
probability associated to the D�

s and to the B0
s candidates must be at least 1%.

2.2 Sample composition

The results of the B0
s selection on the data sample are summarized in Table 1. The D�

s

peak is �tted by two Gaussians for the signal (with widths and relative normalization
taken from the simulation, and centered on the nominal value of the mass) and a second
order polynomial for the background, �tted on Ds` combinations with the wrong charge,
if the statistics is reasonable, or on simulated events. For the leptonic modes a similar
�t is performed to the � mass peak. For the hadronic modes K�0K�, K+K0 and K�0K��

a third Gaussian is included for the D� peak. The mass spectra on data are shown in
Fig. 1, together with the �t result.

In order to disentangle the contribution to the mass peak due to b ! Ds
�D(X)

events, the lepton momentum and transverse momentum, and the number of tracks
forming a good vertex with the lepton, excluding the ones coming from the D�

s , have
been used to give an event-by-event estimate of the selection purity (Fig. 2). Typical
values for the signal fraction in the resonant events are 85-95% if the transverse
momentum is larger than 2 GeV/c, otherwise they are 65-80%, provided that the
lepton momentum is larger than 15 GeV/c, or 35-80%, depending on the value of the
number of vertexed tracks.

Channel EÆciency (%) Signal b! DsDX D� Combinatorial Total
��� 12:1� 0:2 35.4 14.8 0 17.8 68
K�0K� 8:22� 0:17 38.4 14.5 15.0 45.1 113
K+K0 2:45� 0:08 9.8 3.7 0.7 9.8 24
��� 1:13� 0:08 6.2 1.4 0.6 13.8 22
K�0K�� 3:57� 0:16 7.4 3.0 0.4 8.2 19
��+���� 6:25� 0:27 3.6 1.3 0 8.1 13
�e��e 6:00� 0:30 7.6 2.3 0 9.1 19
����� 3:95� 0:24 9.7 3.8 0 5.5 19
Total 118.1 44.8 16.7 117.4 297

Table 1: Signal eÆciency fromMonte Carlo and estimated composition of the selected D�s � `

data sample; in the last column the number of candidates in the data for each channel is

shown.

The experimental value of the total branching fraction for the b ! DsD(X)
background is derived to be BR(b! DsD(X))�BR(D! `X) = (1:3�0:3�0:4)%, while
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Figure 2: Discriminating variables in the Monte Carlo for the b ! DsD(X) background

(shaded histogram) and the signal (white histogram): a) lepton transverse momentum, b)

lepton momentum, c) number of tracks forming a good vertex with the lepton. The relative

normalization is taking into account the selection eÆciencies and the production rates.

evaluated from the track reconstruction algorithm, is found in the Monte Carlo to be
underestimated by 10% on average, and is corrected accordingly in the data.

The decay length resolution in the data is found to be somewhat worse than
suggested by the Monte Carlo simulation [?]. Therefore the decay length error is
corrected for by 1:05� 0:03, for both the D�

s � ` and fully reconstructed B0
s events.

The B0
s momentum, p, is estimated by using the neutrino energy, evaluated as the

missing energy in the hemisphere:

E� = Ehemi
tot � Ehemi

vis = Ebeam +
m2

same �m2
oppo

4Ebeam
� Ehemi

vis (1)

where msame and moppo are the invariant masses of the hemisphere containing and
opposite to the B0

s respectively, and E
hemi
vis is the visible energy in the hemisphere of the

B0
s [6]. The bias on the measured momentum is corrected in the data, as a function of

the momentum itself, using the formula

pcorr =
p

1 + a+ bp
(2)



where a and b are �tted in the Monte Carlo. The relative momentum error is
parameterized as a linear function of the estimated momentum. Its average value
is approximately 10%, with a core (20%) as good as 7%.

The proper time t is computed for each event as:

t =
l

�c
(3)

where �c is the boost of the B0
s . The error on the proper time is de�ned as :

�t = �l=(�c)� �� � t (4)

where �� is the relative momentum resolution. The predicted proper time distributions
for the signal events have been obtained by convoluting their exponential functions with
resolution functions evaluated from the simulated events, and can be written as:

R(t0; t) = 1p
2��t

exp

 
�(t� t0)

2

2�2t

!
: (5)

For the case of background events, both combinatorial and DsD(X), the proper
time distribution has been taken from the Monte Carlo simulation.

3 Reconstruction of hadronic B0
s decays

The events are selected in the following decay modes:

B0
s ! D(�)�

s �+(a+1 ) ;D�
s ! ���

B0
s ! D(�)�

s �+(a+1 ) ;D�
s ! K�0K�

where the �, K�0 and a1 are reconstructed in their charged decay modes: �! K+K�,
K�0 ! K+�� and a+1 ! �0�+.

In order to reduce combinatorial background, all kaons and pions forming the B0
s

candidates must satisfy a cut j�hj < 3.

3.1 Preselections of the D�s signal

For the reconstruction of B0
s ! D�

s �
+, all the track candidates are required to have a

momentum greater than 1 GeV/c.
To reconstruct the neutral daughter of the D�

s (� ! K+K�, K�0 ! K+��), pairs
of oppositely charged tracks inside a cone of 90o are required to have an invariant mass
consistent with the nominal mass of a � or K�0. A third track is then combined with
each of these pairs to form a three-prong D�

s vertex. Candidate tracks are �rst �tted to
a common vertex. If the mass of the vertex is within �30 MeV/c2 of the D�

s nominal
mass, the vertex is re�tted with the D�

s mass constraint. The �2-probability of the D�
s

vertex is required to be greater than 1%. The reconstructed �, K�0 and D�
s mesons

must have a momentum greater than 3 GeV/c. The decay of the pseudoscalar meson
D�

s into a vector meson (� or K�0) and a pseudoscalar meson (��) follows a distribution



proportional to cos2 �, where � is the helicity angle de�ned as the angle between the
�� (K�) from D�

s and one of the �(K�0) daughters in the �(K�0) rest frame. To reduce
the combinatorial background, we require j cos�j > 0.4.

The D�
s candidate is further combined with a remaining � candidate in the same

event to form a B0
s vertex. The D

�
s vertex has to be in front of the B0

s vertex. All the
B0
s candidates are then subject to the �nal cuts, discussed in the Section 3.3.
The event preselection eÆciency in the �� channel is 35% and 25% for the K�0K�

channel.

3.2 Preselection of the a+1 signal

To reconstruct the D�
s for B0

s ! D�
s a

+
1 , all the preselection cuts are the same as for the

channel B0
s ! D�

s �
+.

For reconstructing a+1 ! ��+ ! ���+�+, the momentum of the pion candidates
are required to be greater than 0.5 GeV/c and the momentum of the reconstructed
� and a1 to be greater than 1 GeV/c. Three pion candidates, two of which have
an invariant mass within �150 MeV/c2 of the � nominal mass, are required to form a
common vertex with the �2-probability of the vertex �t greater than 1%. The di�erence
between the invariant mass and the mass of a1 should be within the natural width of
the a1 (�300 MeV/c2).

The eÆciency of the event selection is 24% for �� and 26% for K�0K� channel.

3.3 Final cuts and event selection eÆciencies

Selected D�
s candidates are combined with a �+ candidate or an a+1 candidate to form

a B0
s vertex with the vertex �t probability greater than 1%. To be sure that the B0

s

ight path is along the B0
s momentum direction, cos(�) � 0.97 is required, where �

is the angle between the B0
s decay length direction and the B0

s momentum. The B0
s

vertex is required to be well displaced from the primary vertex to cut combinatorial
background, i.e. B0

s decay length signi�cance lBs
=�l > 3, where lBs

is the B0
s decay

length and �l the error of the decay length. This cut alone has a 80% eÆciency for the
signal events.

The B0
s momentum is required to be larger than 20 GeV/c for the D�

s �
+ channel,

while for the B0
s ! D�

s a
+
1 channel the momentum cut to is increased to 30 GeV/c.

If more than one combination is present per event, only the one with the highest B0
s

momentum has been kept.
The average reconstructed B0

s mass resolution in the di�erent decay modes ranges
from 17 to 25 MeV/c2.

Candidate events whose mass fall within �75 MeV/c2 of the B0
s mass are selected.

Events in which the B0
s decays into a Ds

�� have a lower reconstructed invariant
mass, because of the undetected photon. From the Monte Carlo simulation they are
predicted to populate the region between 5 and 5.3 GeV/c2 (referred in the following
as satellite peak).

The event selection eÆciencies for the di�erent channels range from 6 to 21 % and
are shown in Table 2:



Channel EÆciency (%)
B0
s ! D�

s �
+(���) 21 � 1

B0
s ! D�

s �
+(K�0K�) 16 � 1

B0
s ! D�

s a
+
1 (��

�) 11 � 1
B0
s ! D�

s a
+
1 (K

�0K�) 6 � 1

Table 2: Event selection eÆciencies for each channel.

3.4 Sample composition

Figure 3 shows the B0
s mass spectra for the D�

s �
+, D�

s a
+
1 and the sum of the two

channels using data collected from 1991 to 1995, after all the selection criteria described
in the previous section. The data are indicated by points and error bars. The
narrow peak at 5.37 GeV/c2 clearly indicates the signal events in this channel. The
broader shoulder structure peaked at around 5.1 GeV/c2 is due to the events of the
type Bs ! Ds

���+ with Ds
�� ! Ds

�, where the cascade photon has not been
reconstructed. The data are in good agreement with the Monte Carlo prediction.

Figure 4 shows instead the mass spectrum of the D�
s sideband events in the data.

The signal events in the data are also superimposed.
The purity of the signal and the composition of the background can be evaluated

from the Monte Carlo samples and are reported in Table 3. In the �ms �t, the purity
and the background composition have been taken from the simulation.

Region B0
s purity (%) B0

d fraction of the background (%)
Main peak D�

s �
+ 64� 9 44� 16

Satellite peak D�
s �

+ 43� 7 58� 12
Main peak D�

s a
+
1 30� 6 47� 12

Satellite peak D�
s a

+
1 30� 8 54� 10

Table 3: Fraction of background in the two mass peak regions for the two decay channels

predicted from the Monte Carlo simulation.

The background is coming almost entirely from b�b events, in which the D�
s can

either be a true one or not. In the D�
s a

+
1 channel, due to the broad a+1 mass window

cut, the main part of the combinatorics is coming from decays of the b-hadron in which
some of the pions are falling inside the desired mass region. Out of 9 million Monte
Carlo b-hadron decays, the fraction of B0

s decays is predicted to be less than 2% of the
total background for the D�

s �
+ channel and about 9% in the case of D�

s a
+
1 . Some of

the most important branching ratios for hadronic decays of the b-hadrons in the Monte
Carlo simulation are given in Table 4.

In the D�
s �

+ channel the main source of non-B0
s decays are D

� reections: B0
d !

D��+. The Monte Carlo predicts that this source mainly a�ects the K�0K� channel,
since the K�0 resonance is broader than the � and a D� ! K�0�� decay can fake a
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Decay mode Branching Ratio(%)
B0
s ! Ds

���+ 0.284
B0
s ! Ds

��a+1 0.764
B0
d ! D��+ 0.262

B0
d ! D�a+1 0.677

B+ ! D�0�+ 0.64
B+ ! D�0�+ 1.49
B+ ! D�0a+1 1.49

Table 4: Values of the branching ratios for the some of the hadronic decay modes in the

Monte Carlo simulation.

that B0
s decay length resolution is about 150 �m, while the momentum resolution for

events in the main peak is of the order of 0.5% giving a proper time resolution of about
0.08 ps. Events with undetected photon coming from the Ds

�� have a good boost
resolution as well (about 3%), due to the fact that the missing photon energy cancels
in the ratio of the satellite B0

s momentum and mass. The pull of the decay length
distribution for fully reconstructed events can be �tted with two Gaussian functions of
widths �1 = 1:03�0:03 and �2 = 2:1�0:8, where the broader Gaussian accounts for 5%
of the total only. For events in the satellite peak the width is consistent with a single
Gaussian of � = 1:08� 0:06. In the �t to �ms the decay length error is evaluated on
an event by event basis, and corrected by the pull width as predicted from the Monte
Carlo simulation.

Except for the combinatorial background contribution, the predicted proper time
distributions for the signal and B0

d events have been obtained by convoluting their
exponential functions with resolution functions evaluated from the simulated events.
The combinatorial background under the peak has been parametrized as t=� 2 exp�t=�
with � = 0:56� 0:07 ps, as predicted from the simulation.

4 Tagging

For each candidate event a combined mistag rate � is then de�ned as

� = �I(1� �f ) + �f (1� �I) (6)

using the initial state and �nal state mistag probabilities �I and �f respectively.

4.1 Final state tag

The avour state of the decaying B0
s is estimated from the charge of the reconstructed

D�
s . Signal events are always correctly tagged. Events where the D�

s are produced via
a W have always the wrong tag, while in a generic background event, the mistag can
vary depending on its real nature. The �nal state mistag �f has been evaluated using
the Monte Carlo simulation.



4.2 Initial state tag

The avour state at production time is estimated using two sets of discriminating
variables which are combined into a single tag variable. Firstly, in the hemisphere
opposite to the B0

s candidate a neural network is applied, which is then combined with
�ve discriminating variables computed using charged tracks in the same side as the B0

s

candidate.

Opposite hemisphere tag The initial-state tag on the side of the event opposite to
the fully reconstructed Bs candidate is performed using a neural network to combine
a sequence of charge estimators. The input charge estimators to this network are :

1. Jet charges, Q�, are formed in the usual way [9] using three di�erent values of
the weighting power, �: 0.5, 1.1 and 2.2. These focus on correspondingly higher
values of track momenta and are highly correlated.

2. The secondary vertex charge, Qvtx, is formed using the output from a track
separation neural network according to : Qvtx =

P
i=tracks wi qi where qi and

wi are respectively the charge of the tracks and the output of a dedicated neural
network used to separate fragmentation and b-hadron tracks respectively.

3. The momentum weighted primary vertex charge, QPvtx, is calculated with the aim
of achieving a reasonable initial state mistag for B0 hemispheres. It is calculated
according to : QPvtx =

P
i=tracks(1� wi) qi p

i
L=
P

i=tracks p
i
L.

4. The momentum weighted secondary vertex charge, QSvtx, is calculated in an
analogous manner according to : QSvtx =

P
i=tracks wi qi p

i
L=
P

i=tracks p
i
L but with

the aim of improving the mistag for both charged and neutral B decays via

leading particle e�ects from the secondary decay.

5. In semileptonic B decays the lepton momentum and transverse momentum are
used as they contain information on the probability that the charge of the lepton
candidate be the same as the charge of the b quark from the Z decay.

6. Fast kaon identi�cation is used from a further dedicated neural network trained
to identify kaons coming from b-hadron decays. The neural network uses the
dE=dx information from the TPC and the track separation neural network wi

as inputs. In the bulk of events, there is only one true kaon from the b-hadron
decay per hemisphere. Hence, a single charged track with the maximal value of
the fast kaon neural network output is selected and this maximum value is then
signed with the track charge.

In addition to the above charge estimators, three control variables are used, in order to
provide the initial-state neural network with information regarding the overall topology
of the b-hadron decay, and the quality of information present in a given hemisphere :

1. The reconstructed b-hadron momentum is supplied to provide information on the
relative momenta of tracks coming from the primary and secondary vertices.



2. The reconstructed proper time of the b-hadron is based on the reconstructed
b-hadron momentum and the measured decay length. The intention here is to
incorporate the increased probability of B0

d mixing at long proper times.

3. The spread of the track separation weights, � =
P

i=tracks wi (1� wi) which are
used in several of the charge estimators. This allows to deweight those charge
estimators which are dependent on a clear allocation of tracks to the primary and
secondary vertices in cases of high charged multiplicities and/or poor vertexing.

Same hemisphere tag For the same side of the reconstructed B0
s one pro�ts of the

fact that all the tracks coming from the B0
s have been already selected. Therefore an

e�ort to identify fragmentation tracks from the fragmentation process that leads to the
B0
s hadron has been performed. Firstly a jet containing the B0

s tracks is found using a
ycut = 0:02 with the JADE algorithm. Using the charged tracks within that jet that
do not belong to the B0

s , �ve discriminating variables are de�ned, together with the
reconstructed momentum of the B0

s :

� three jet charges with � = 0; 0:5 and 1;

� the q � pL of the best kaon candidate that has an impact parameter signi�cance
with respect to the primary vertex smaller than 5, where q is the kaon charge
and pL its longitudinal momentum with respect to the B0

s . If more than one kaon
is found, then the one with the best �K is taken;

� the dE=dx estimator �K of the above best kaon candidate.

4.3 Combined tag performance

Figure 5 shows the distribution of the �nal discriminating variable for initially produced

B0
s and Bs

0
, in the Monte Carlo simulation. The probability �I to tag incorrectly the

initial state is evaluated for each value of the tag using dedicated samples of Monte
Carlo events, both for the signal and the physical backgrounds. The average e�ective
mistag for the signal is about 26% for both the fully reconstructed and D�

s � ` events.

5 Oscillation analysis

A B0
s candidate is tagged as unmixed (mixed) when the reconstructed initial and �nal

avour states are the same (opposite) and they are labelled in the following with ss
(os)

The oscillation analysis is performed using the amplitude method [2], which consists
of measuring, for each �ms value of the oscillation frequency, an amplitude A and its
error �A. The A parameter represents the amplitude of the oscillatory part of the time
evolution for a mixed or unmixed B0

s state:
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Figure 5: Final neural net output variable for initially produced Bs
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s states.

Pmix;unmix
s (t) =

1

2�s
exp (�t=�s) (1�A cos(�mst)) : (7)

The 95% CL lower limit for �ms is obtained evaluating the probability that a real
signal having an amplitude equal to unity would give an observed amplitude smaller
than the one measured, in at most 5% of the cases. This corresponds to the condition
A(�ms) + 1:645�A(�ms) < 1.

A likelihood function can be written for events tagged as mixed and unmixed:

L =
ssY
i

F ss(ti)
osY
i

F os(ti): (8)

For each of the mixed or unmixed tagged event a probability density function can be
written as:

F os(ti) = fsigF
os
s (ti) + (1� fsig)

�
fdF

os
d (ti) + (1� fd)�bF

os
bkg(ti)

�
(9)



where fsig is the signal fraction, fd is the fraction of B0
d in the background, and have

been evaluated as explained in Sections 3.4 and 2.2. The expressions for the di�erent
probability density functions are given by:

1. for the B0
s tagged as mixed events:

F os
sig(ti) =

h
(1� �s)Pmix

s (t) + �sPunmix
s (t)

i

Rs(t� ti) (10)

2. for the B0
d tagged as mixed events in the exclusive analysis:

F os
d (ti) =

h
(1� �d)Pmix

d (t) + �dPunmix
d (t)

i

Rd(t� ti) (11)

3. in the case of the D�
s � ` analysis the B0

d probability density function has been
parametrized using the Monte Carlo simulation, as explained in Section 2.3.

The expressions for the events tagged as unmixed F ss(ti) are described by changing �
with 1 � �. The probability density functions Fbkg(ti) for the remaining background
have been parametrized as explained in Sections 2.3 and 3.5.

5.1 Systematic uncertainties

Uncertainties in the evaluation of the input parameters in the �t have been propagated
and the corresponding variation in the �tted amplitude has been taken as the systematic
error.

� Variations in the fractions of signal and background events have been varied
within their statistical errors, as given in Sections 2.2 and 3.4.

� The systematic error from the decay length is evaluated by scaling the resolution
in decay length by �0:03 as explained in Section 2.3. For momentum the
systematic error has been evaluated propagating the statistical errors in the
Monte Carlo.

� A 10% relative error on the initial state mistag is taken as a correlated systematic
error for both exclusive and D�

s � ` events.

� The B0
s lifetime and �md have been varied within errors taken from [8], while

errors in the the parametrization of the background proper time have been taken
into account as explained in Sections 2.3 and 3.5.

5.2 Limit on �ms

An unbinned likelihood �t is performed �rstly to the D�
s � ` events alone. Fig. 6 shows

the result of the �t to the amplitude as a function of �ms. A limit at 95% CL has
been obtained

�ms > 5:2 ps�1 at 95% CL (12)
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with a corresponding sensitivity equal to 6:4 ps�1.
When also the fully reconstructed events are included in the �t, taking into account

correlated systematic uncertainties, the limit and the sensitivity are better, as expected,
and for large values of �ms, the impact of those events is clearly visible in Fig.7. By
combining the fully reconstructed events with the D�

s � `, the limit becomes:

�ms > 5:4 ps�1 at 95% CL (13)

with a corresponding sensitivity equal to 7:4 ps�1.
As a check a �t to the B0

s lifetime has been performed giving �s = 1:58� 0:11 ps,
consistent with the present world average.
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6 Conclusions

A lower limit on the oscillation frequency �ms of the B
0
s -Bs

0
system is obtained from

recently reprocessed events taken with the ALEPH detector at LEP from 1991 to 1995.
Fifty candidates are fully reconstructed in the D�

s �
+ and D�

s a
+
1 decay modes in which

the D�
s decays into a �� and a K�0K�. In addition, leptons are combined with fully

reconstructed D�
s candidates, reconstructed in eight di�erent decay modes, leading to

297 events. The initial state of these B0
s has been determined using a neural network

algorithm optimized to eÆciently use the information of both sides of the event, with
an average mistag of about 26%. The limit at 95% con�dence level on �ms has been
determined to be �ms > 5:4 ps�1 with an expected sensitivity of 7:4 ps�1. This result
superseeds the one in [5].
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Study of Bs Oscillations
with inclusive semileptonic decays

ALEPH Collaboration

Contact Person: Ga�elle Boix (Gaelle.Boix@cern.ch)

Abstract

An improved search for Bs oscillations is performed using the ALEPH LEP1
data sample, recently reprocessed. The analysis is based on the inclusive tagging

of semileptonic b hadron decays. Improved vertexing and selection methods yield

a sample increased by a factor 2.2 compared to the previous ALEPH publication

with the same method, with better resolution. The other key elements of the

analysis (charge tagging and enrichment in Bs candidates) are improved as well.

Unbinned maximum likelihood amplitude �ts are performed to derive a lower

limit of �ms > 11:1 ps�1 at 95% C:L: with a sensitivity of 11:9 ps�1.

When combined with the other ALEPH analyses, the limit becomes

�ms > 10:7 ps�1 at 95% C:L: with a sensitivity equal to 13:1 ps�1.



1 Introduction

The determination of the Bs�Bs oscillation frequency �ms is one of the major issues in
the study of avour dynamics. Up to date, only lower limits have been set. The World
combination of analyses currently available gives �ms > 14:6 ps�1 at 95% C:L: [1].
Within the framework of the Standard Model, a measurement of the ratio �ms=�md

would allow the extraction of the ratio of Cabibbo-Kobayashi-Maskawa quark mixing
matrix elements jVts=Vtdj, which is proportional to one of the sides of the Unitarity

Triangle.
During 1998 the LEP1 ALEPH data were reprocessed using a re�ned version of the

reconstruction program. The main improvements concern track reconstruction and
particle identi�cation.

The analysis presented here is based on an inclusive lepton sample. Compared to
the previous ALEPH inclusive lepton analysis [2], the following improvements are made
to increase the sensitivity to Bs oscillations.

� Vertexing. A new vertexing algorithm has been developed. The decay length
resolution is improved for most of the events and allows a looser event selection
keeping the average resolution as in the previous analysis. Resolution classes are
de�ned, and the pull correction is parametrized class-by-class.

� Final State Tagging. The charge of the lepton is used to tag the avour of the
b hadron at decay. A discriminant variable to distinguish direct b ! ` decays
from cascade b ! c ! ` is built. Cascade decays yield the wrong tag for the
b charge at decay time and need to be rejected. A loose cut is applied on the
combined discriminating variable, and the probability that the decay be a b! `
is estimated event-by-event.

� Initial State Tagging. The avour of the b hadron at production is determined
by combining information from both hemispheres. In the hemisphere opposite to
the semileptonic decay, variables correlated with the charge of the other b hadron
are selected. In the same hemisphere, tracks produced in the fragmentation of
the b quark carry information about the avour of the b hadron at production
time. A single discriminating variable is built, and the avour mistag probability
evaluated event-by-event.

� B
s
Enrichment. Neutral b hadrons can be distinguished using secondary vertex

charge variables. The presence of a fragmentation kaon and the kaon content of
the b hadron decay distinguish Bs from Bd. A discriminant variable is built and
used to get the b species content on an event-by-event basis.

The note is organized as follows. The event selection is described in Section 2.
In Section 3 the proper time reconstruction procedure is explained. The initial state
tagging method is presented in Section 4. Section 5 is devoted to the Bs enrichment



procedure. In Section 6 systematic checks are discussed and preliminary results are
presented.

2 Event Selection

This analysis uses approximately 4 million hadronic Z decays recorded by the ALEPH
detector from 1991 to 1995 at centre-of-mass energies close to the Z peak. Three
di�erent Monte Carlo samples have been used: � 8M qq, � 5M bb and � 1M Bs ! `.

As a �rst step, a mild pre-selection is applied. Events well contained in the vertex
detector acceptance are selected requiring j cos �thrustj < 0:85. Leptons1 are identi�ed
as in [3]. Events are kept if they contain at least one such a lepton candidate. If more
than one lepton is found in an event, the one with highest transverse momentum with
respect to the b jet (pT ) is taken.

The decay length resolution is a major limiting factor for the sensitivity of the
analysis. Further selection criteria are based on the quality of the secondary vertex
reconstruction.

2.1 Vertexing

The procedure to reconstruct the b decay vertex follows the same steps as in the
previous analysis [2]: a set of c-tracks is selected based on their kinematical properties
and compatibility with an inclusively reconstructed secondary vertex. These tracks are
vertexed together to get the charmed particle which is then vertexed with the lepton,
to obtain the b vertex position.

Several new features have been introduced:

� A new topological vertexing algorithm that combines information from all charged
tracks in the hemisphere with a maximum-likelihood �t is used [4]. This algorithm
has better resolution on secondary vertices than the one previously used [2], but
fails for some events, in particular at small decay length. Therefore, the old
algorithm is used when the new one fails.

� A cone-based jet is formed around the lepton candidate [5]. Its direction is used
as improved estimator of the b hadron ight direction for events with three jets
or more; in the case of two jet events, instead, the thrust direction is taken as
the best estimate of the b hadron direction.

� A B track with the direction described above is built. It is forced to pass through
the primary vertex and has angular errors parametrized. This track is used in
the b vertex �t together with the lepton and the charmed particle.

1 Here, and throughout this paper, we only consider electrons and muons.



� The ight direction of the charmed particle is improved adding the momentum of
a photon to it.2 In the ALEPH reconstruction all photons have their momentum
calculated as if they were coming from the IP. Here, however, they had to be
taken as coming from the charm vertex in order to obtain an improvement on
the decay length resolution.

Most of the improvement comes from the addition of the B track to the �nal
secondary vertex �t. The photon addition is found to be e�ective only for 10% of
the events.

The decay length obtained with this method is projected onto the b direction.
A bias correction, as a function of the measured decay length, is applied to obtain
the �nal b decay length. The decay length error provided by the �t is, in general,
underestimated: the pull distribution, (l� l0)=�l, has an r.m.s. greater than one. The
correction is parametrized as a function of the invariant mass of the charmed particle

and the reconstructed decay length.
Several regions in the phase space are de�ned (based on the mass of the charmed

particle, the angle between the lepton and the charmed particle, the number of tracks
at the charm vertex and the �2 of both c and b vertices) in such a way that events
inside a class have, on average, a similar resolution as the average resolution for the
previous ALEPH analysis.

This vertexing algorithm, together with the lepton selection, is also a good b event
selection: just requiring the event being in the above mentioned phase space regions,
on qq Monte Carlo events, 83% of the selected sample are bb. However, this analysis
needs a higher b hadron purity and a dedicated b tagging is needed.

2.2 Selection of b events

A b tagging variable, Nb, is built combining, with a neural net, inclusive lifetime
variables [6] with lepton variables (momentum and transverse momentum with respect
to the jet). The distribution of the events passing the vertex selection is displayed in
Figure 8.

Events with Nb < 0 are rejected. The sample selected has a b hadron purity of
98%, with only a 10% loss in eÆciency. For the events surviving the cut, the b purity
is estimated event-by-event from the value of Nb.

2.3 Selection of b! ` decays

After the vertex selection and the b tag cut, the b ! ` fraction is only 67%. In the
previous analysis, a cut on the transverse momentum of the lepton with respect to

2 A jet around the charmed particle is formed and photons are looked for inside it. If more than

one photon with momentum higher than 1 GeV is found, the most energetic in a 16Æ cone around the

jet direction, making an invariant mass of less than 1:8 GeV is taken.



b events

c events

uds events

Data

10 3

10 4

10 5

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 8: The b tagging variable distribution.

the b jet (pT ) was applied to reject cascade decays (b ! c ! `). Here, instead, the
lepton pT is combined with other discriminating variables, using a neural net, to get
an optimal separation between direct and cascade semileptonic b decays. In addition
to the lepton pT , the variables used are: the lepton momentum, the signed impact
parameter signi�cance of the lepton with respect to the charm vertex3, the neutrino
energy4 and four event topology variables described in [7] (these variables exploit the
fact that in the \D+lepton" rest frame, the decay is expected to be spherical for the
b! c! ` process and with a high thrust for b! `).

The b! ` tagging variable, Nbl, distribution can be seen in Figure 9. Events with
Nbl < �0:5 are rejected. The position of this cut is optimised to reject those events
that have a probability of getting the correct sign from the lepton lower than 0:5.

The �nal state tag, b hadron avour at decay, is taken as the sign of the lepton.
The mistag probability for each event is parametrized as a function of Nbl.

The sample used for the oscillation �t consists of 74026 events in data (to be
compared with 33023 in the previous analysis) with a composition evaluated from qq
events as in Table 5. On average 87:2% of the bb events are direct semileptonic decays
(to be compared with 93:9% in the previous analysis); however, if only the 50000 events
more likely to be b! ` are considered, this fraction increases to 94%.

3 The lepton is expected to be behind the c vertex for b ! ` decays. The impact parameter sign

is given according to the charmed particle direction.
4 See Section 3 for an explanation of its derivation.
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Figure 9: The b! ` tagging variable distribution.

98:6% bb 1:2% cc 0:2%uds

Table 5: Final Sample composition

3 Proper Time Reconstruction

The proper time of the b hadron at decay is computed as:

t = lmB=pB;

where l is the decay length estimated as explained in Section 2.1, mB is the mass
of the b hadron (taken to be 5:3 GeV/c2), and pB is the estimation of the b hadron
momentum performed as follows. The energy of the charmed particle, Ec, is estimated
as in [2]: a jet is clustered around the charged tracks at the charm vertex until a mass of
2:7 GeV/c2 is reached, excluding particles with energy less than 0:5 GeV. The energy
of the neutrino, E�, is estimated applying energy and momentum conservation in the
whole event [2]. These two ingredients plus the energy of the lepton candidate, E`, are
used to compute the b momentum as:

pB =
q
(Ec + E� + E`)2 �mB

2 :

The error on the proper time is de�ned as:

�t = �lmB=pB � t�p; (14)



where �p is the relative uncertainty on the reconstructed momentum and �l is the
uncertainty on the measured decay length. Note that the proper time error includes an
explicit dependence on the reconstructed proper time t. The decay length error �l is
obtained event-by-event from the track �t and the primary vertex error with a typical
core resolution of 200 �m. The distribution (p � p0)=p0 is �tted with the sum of two
Gaussians in Monte Carlo events to obtain �p1 and �p2 and their relative fractions fp1
and fp2 (with fp2 = 1 � fp1); typical values for the relative momentum resolution are
� 6% in the core and � 20% for the tails, with fp1 = 0:55. The proper time resolution
function used in the likelihood �ts discussed in Section 6 is written as:

Res(t; t0) =
2X

i=1

fpi
1p

2 � �ti
exp

2
4�1

2

 
t� t0
�ti

!2
3
5 : (15)

4 Initial State Tag

The avour state at production time is estimated using two sets of discriminating
variables which are combined, with a neural net, into a single tag variable.

For the hemisphere opposite to the semileptonic decay considered, a combined
charge estimator is used as in [4].

For the candidate hemisphere, charge estimators are built taking care of not being
sensitive to the decay products. The variables used are: a) primary vertex charge
using all tracks in the b jet5 weighted according to their probability of coming from
the primary vertex6, b) primary vertex charge using all tracks in the b jet except those
selected as coming from the charm vertex, c) charged fragmentation kaon estimator7.
Additional variables are used, not discriminant by themselves, but correlated with
the tagging power of the above listed. These are: the measured decay length l, the
measured momentum pB, and � =

P
iwi(1 � wi) which estimates the quality of the

track separation. The polar angle of the event thrust axis is also used as a global
avour estimator pro�ting from the b forward-backward asymmetry.

The distribution of the combined initial state tag variable, Nis, can be seen on the
left side of Figure 10 for the signal Bs ! `. The e�ective mistag probability on these
events is evaluated to be 24%. On the right of Figure 10 the distribution of the tagging
variable is shown for all events.

5 This b jet is obtained using JADE, with a large ycut of 0:2. This ensures that all tracks from the

b hadron decay and the fragmentation tracks closest in phase space are included.
6 A dedicated neural net has been trained on the selected hemispheres to separate tracks from

the primary and secondary vertices. A weight wi giving the probability to come from the secondary

vertex is computed for each track.
7 A neural net combining kinematical variables and dE=dx is trained to identify fragmentation

kaons.
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Figure 10: Left, Initial state tag variable for Monte Carlo Bs ! ` events.
Right, Initial state variable for all selected events.

5 Enrichment on Bs decays

In an unbiased b hadron sample only about 10% of the events contain a Bs [8]. The
sensitivity of the analysis can be improved by identifying variables which distinguish
Bs from other b hadron decays, and evaluating event-by-event the probability for each
b hadron species. Variables related to the charge and track multiplicity of the vertex
distinguish charged from neutral b hadrons. Bs decays can be separated from the other
neutral b hadrons on the basis of the presence of a kaon among the fragmentation tracks.
The presence of kaons among the c tracks and their charge correlation with the lepton
candidate is a discriminating variable as well.

All discriminating variables are combined, with a neural net, to get a b-species
estimator, Nenr. This estimator is used event-by-event to get the probability for the
candidate to be a Bs, Bd, B

+ or b� baryon decay.
A disagreement between data and Monte Carlo is seen the Nenr distribution: an

excess of data in the B+ region and a de�cit elsewhere. All input charge estimators
used to separate neutral from charged b hadrons show the same kind of disagreement,
clearly favouring the hypothesis of having more charged b hadrons selected in data than
in Monte Carlo. The secondary vertex charge variable has been used to �t the amount
of charged and neutral b hadrons that are seen in the data sample selected: 8% more
charged b decays are found in data than in Monte Carlo. When the corresponding
weights are applied to Monte Carlo events, all the variables that distinguish charged
from neutral show a good agreement. The distribution of Nenr after this correction



(Fig. 11) still shows some deviation, which is however reduced by more than a factor
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Figure 11: Enrichment variable distribution. Bs decays are concentrated on the right
hand side of the plot and B+ on the left hand side.

of two with respect to the original one. This residual discrepancy is probably due to
di�erences in shape for the variables that distinguish Bs decays from the other neutral
b hadrons. The e�ect of a di�erence in shape on the event-by-event estimated Bs purity
is smaller than the e�ect of a bias in the selection eÆciency. A possible systematic e�ect
due to the residual discrepancy is estimated by removing the weights which re-adjust
the charged-to-neutral ratio.

6 The Bs Oscillation �t

A Bs candidate is tagged as unmixed (mixed) when the reconstructed initial and �nal
avour states are the same (opposite).

The oscillation analysis is performed using the amplitude method [10], which
consists of measuring, for each �ms value of the oscillation frequency, an amplitude A
and its error �A. The p:d:f: used for the signal is therefore:

Pmix;unmix
s (t) =

1

2�s
exp(�t=�s)(1�A cos(�mst)): (16)

A value of �ms can be excluded at 95% C:L: if A+ 1:645�A < 1 .
A likelihood function is written for events tagged as mixed and unmixed, taking

into account the mistag probability, the b species purities (each b species is described



with its own physical p:d:f:, the udsc background is parametrized from Monte Carlo),
the proper time resolution and eÆciency.

6.1 Systematic Uncertainties

Uncertainties in the evaluation or present knowledge of the input parameters in the �t
have been propagated and the corresponding variations in the �tted amplitude have
been taken as the systematic error. Table 6 summarizes all systematic uncertainties
studied, the statistical error on the amplitude at �ms = 0; 10; 20 and 25 ps�1 is
compared with each of the systematics at the same point.

�ms 0 ps�1 10 ps�1 20 ps�1 25 ps�1

�statA �0:081 �0:466 �1:430 �2:477
fs �0:087 �0:017 �0:334 �0:348
Decay length Resolution �0:001 �0:015 �0:202 �0:111
Momentum Resolution �0:008 �0:008 �0:214 �0:209
�Bs

�0:006 �0:016 �0:122 �0:145
Mistag �0:070 �0:047 �0:020 �0:101
b! c! ` �0:065 �0:046 �0:023 �0:103
b! `/b! c! ` �0:014 �0:007 �0:018 �0:026
Enrichment �0:051 �0:051 �0:023 �0:063
�md �0:036 �0:001 �0:001 �0:003
Total Systematic �0:145 �0:088 �0:463 �0:473

Table 6: Systematic uncertainties on the amplitude at di�erent �ms values compared to the

statistical error at the same point.

The most important systematic uncertainty in such an analysis, in particular at
high values of �ms, comes from fs: the fraction of Bs in an unbiased b hadron sample,
which at the moment has still a relatively big uncertainty, fs = (10:7� 1:4)% [8].

A variation of the decay length resolution by �3% is considered to take into account
possible discrepancies on the vertex algorithm performance between data and Monte
Carlo. It has been checked that the same results are obtained, on data and Monte
Carlo, when using the vertex algorithm for reconstructing the primary vertex on anti-b
tagged events.

A variation of �10% has been taken for the relative momentum resolution.
The input value for the Bs lifetime is taken as �Bs

= 1:54� 0:07 ps [8].
The Initial State tagging variable is, for the Bs ! ` signal events, perfectly

calibrated with slope 1. For systematic studies this slope is varied by 5% [4].
The input b! c! ` branching ratio is Br(b! c! `) = 1:62� 0:44 [11].



The values of the b ! ` and b ! c ! ` branching ratios used are: Br(b ! `) =
(10:62 � 0:17)% and Br(b ! c ! `) = (8:07 � 0:25)%, with a correlation coeÆcient
of �0:37 [11]. The systematic uncertainty quoted is the combination of the two e�ects
taking into account the correlation.

As explained in Section 5, a discrepancy in the enrichment variable distribution
between data and Monte Carlo is seen. Weights are applied to Monte Carlo events to
increase by 8% the amount of charged b hadrons and match the data selection. These
weights are removed for the systematic uncertainty evaluation.

The Bd oscillation frequency input value is �md = 0:464� 0:018 ps�1 [8].

6.2 Limit on �ms

An unbinned likelihood �t is performed on the selected sample. The result is shown
in Figure 12. A limit at 95% C:L: can be set at �ms > 11:1 ps�1. The sensitivity of
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Figure 12: Preliminary amplitude �t on the selected inclusive lepton sample.

the analysis, de�ned as the test frequency for which amplitude values 0: and 1: can be
distinguished at 95% C:L:, i :e: 1:645 �A = 1:, is equal to 11:9 ps�1. The likelihood
curve corresponding to this analysis is given for completeness in Figure 13. There is a
minimum around 17:0 ps�1 with a depth of 2:

This analysis is combined8 with previous published and preliminary results from

8 For the combination with the Ds-l analysis, events in common have been removed from the

present sample, and the whole �t repeated.
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Figure 13: Preliminary log-likelihood curve for the new inclusive lepton analysis.

ALEPH [9, 13], the resulting amplitude plot is shown in Figure 14. The ALEPH
combined sensitivity is 13:1 ps�1. The likelihood curve corresponding to the ALEPH
combination is shown in Figure 15, with a minimum at 17:3 ps�1 with a depth of 3.

7 Conclusion

A lower limit on the oscillation frequency �ms of the Bs�Bs system is obtained from
the recently reprocessed events taken with the ALEPH detector at LEP from 1991 to
1995. From a sample of 74026 semileptonic b hadron decays selected, all values of �ms

below 11:1 ps�1 are excluded at 95% con�dence level. The sensitivity of the analysis
is determined to be 11:9 ps�1. This analysis supersedes the previous ALEPH inclusive
lepton analysis [2].

When combining this analysis with previous ALEPH results [9, 13], the combined
limit obtained is �ms > 10:7 ps�1 with a sensitivity equal to 13:1 ps�1. The likelihood
pro�le shows a minimum for �ms = 17:3 ps�1, with a signi�cance just over two
standard deviations.
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