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Dipartimento di Fisica dell’Università, INFN Sezione di Pisa, e Scuola Normale Superiore, I-56010 Pisa, Italy

G.A. Blair, L.M. Bryant, J.T. Chambers, M.G. Green, T. Medcalf, P. Perrodo, J.A. Strong, J.H. von Wimmersperg-Toeller
Department of Physics, Royal Holloway & Bedford New College, University of London, Surrey TW20 OEX, United Kingdom10

D.R. Botterill, R.W. Clifft, T.R. Edgecock, S. Haywood, P.R. Norton, J.C. Thompson, A.E. Wright
Particle Physics Dept., Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, United Kingdom10

B. Bloch-Devaux, P. Colas, S. Emery, W. Kozanecki, E. Lançon, M.-C. Lemaire, E. Locci, P. Perez, J. Rander,
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Abstract. A search for B0
s oscillations is performed using approximately 4 million Z → qq̄ events collected

by the ALEPH experiment during 1991–1995. B0
s candidates are partially reconstructed by combining

tracks with fully reconstructed D−
s candidates. The B0

s production flavour is estimated from the sign of
the opposite hemisphere charge, a fragmentation kaon in the same hemisphere, or a lepton in the opposite
hemisphere. From a total sample of 1620 candidates, with a B0

s purity estimated to be 22%, all values of
∆ms below 3.9 ps−1 and between 6.5 and 8.8 ps−1 are excluded at 95%CL. From the same sample, the B0

s
lifetime is measured to be τs = 1.47 ± 0.14(stat) ± 0.08(syst) ps. This analysis selects mainly hadronic B0

s

decays and is statistically independent of a previous ALEPH analysis selecting B0
s → D(∗)−

s `+ν candidates.
Combining these two analyses yields ∆ms > 7.9 ps−1 at 95%CL and τs = 1.51 ± 0.11 ps.
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1 Introduction

Transitions between the B0
s and B̄0

s states result in oscil-
lations with a frequency ∆ms related to the mass differ-
ence between the mass eigenstates of the B0

s − B̄0
s system.

1 Now at CERN, 1211 Geneva 23, Switzerland
2 Also at CERN, 1211 Geneva 23, Switzerland
3 Also at Dipartimento di Fisica, INFN, Sezione di Catania,

Catania, Italy
4 Also Istituto di Fisica Generale, Università di Torino, Torino,
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The Standard Model predictions for ∆ms and ∆md, the
B0

d−B̄0
d oscillation frequency, are derived from calculations

of box diagrams where top quark exchange dominates. Un-
certainties due to non-perturbative QCD correction fac-
tors partially cancel in the frequency ratio, yielding

∆ms

∆md
=

mB0
s

mB0
d

ξ2
s

∣∣∣∣ Vts

Vtd

∣∣∣∣
2

, (1)

where Vts and Vtd are elements of the Cabibbo-Kobayashi-
Maskawa quark mixing matrix. The quantity ξs, equal to
unity up to SU(3) symmetry breaking factors, is estimated
to be 1.14 ± 0.08 after corrections [1]. A measurement of
the ratio ∆ms/∆md would therefore allow the extraction
of |Vts/Vtd|.

As the ratio |Vts/Vtd| is expected to be large, the B0
s os-

cillation frequency is thought to be much higher than the
well measured B0

d oscillation frequency [2]. As yet, various
analyses to search for B0

s oscillations at LEP [3–8] have
failed to directly observe significant B0

s oscillations.
The highest published lower limit on ∆ms is 6.6 ps−1 at

95% CL [5]. It was obtained by ALEPH using data
recorded in 1991–1995. This gave a sample of 277 fully re-
constructed D−

s candidates correlated with an oppositely
charged lepton in the same hemisphere and attributed to
B0

s → D(∗)−
s `+ν decays. This demonstrated that the use of

fully reconstructed D−
s mesons is competitive with more

inclusive analyses, the small size of the event sample being
compensated by the significantly improved B0

s purity and
proper time resolution.

In this paper, a new and complementary search for B0
s

oscillations and a measurement of the B0
s lifetime are pre-

sented, which also use fully reconstructed D−
s candidates

in the ALEPH data collected during 1991–1995. The se-
lected signal consists mainly of hadronic B0

s → D−
s decays

and is statistically independent of the D−
s -lepton analy-

sis [5]. The following channels are considered1:

1 Charge conjugate modes are assumed throughout. The
notations φ, K∗0 and ρ− are used for φ(1020), K∗(892)0

and ρ(770)− respectively. Lepton (`) means muon or elec-
tron. The generic notation “D−

s → φρ−” includes both two-
body D−

s → φρ− decays followed by ρ− → π−π0 and non-
resonant three-body D−

s → φπ−π0 decays. The generic no-
tation “B0

s → D−
s + X” includes direct B0

s → D−
s + X de-

cays, B0
s → D∗−

s + X decays followed by D∗−
s → D−

s γ or
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B0
s → D−

s + hadron(s), D−
s → φπ−, φ → K+K−;

B0
s → D−

s + hadron(s), D−
s → K∗0K−, K∗0 → K+π−;

B0
s → D−

s + hadron, D−
s → K0K−, K0

S → π+π−;
B0

s → D−
s + hadron, D−

s → φ `−ν̄ , φ → K+K−;
B0

s → D−
s + lepton, D−

s → φρ−, φ → K+K−,
ρ− → π−π0, π0 → γγ.

As a semileptonic B0
s decay is not required (except for the

D−
s → φ ρ− channel), the samples are larger than those

used in the D−
s -lepton analysis. For the same reason their

purity is lower as they suffer from additional and more
copious background components, in particular D−

s from
Z → cc̄ and events in which a hadron from the primary
vertex is associated with a D−

s from Z → bb̄ to form a
B0

s candidate. Overall, this analysis is less powerful than
the D−

s -lepton analysis, but a significant improvement in
sensitivity is found when the two analyses are combined.

This paper is organized in the following way. After
a brief description of the ALEPH apparatus, the event
selection is described in Sect. 3 and the determination of
the composition of the selected samples in Sect. 4. The
next two sections explain how the B0

s proper time and
initial state are estimated; this information is then used to
construct the likelihood of the selected samples (Sect. 7).
The results are presented and discussed in Sects. 8 and
9. Finally the combination with the D−

s -lepton analysis is
presented in Sect. 10.

2 The ALEPH detector

The ALEPH detector and its performance from 1991 to
1995 are described in detail elsewhere [9,10], and only a
brief overview of the apparatus is given here. Surrounding
the beam pipe, a high resolution vertex detector (VDET)
consists of two layers of double-sided silicon microstrip de-
tectors, positioned at average radii of 6.5 cm and 11.3 cm,
and covering respectively 85% and 69% of the solid angle.
The spatial resolution for the rφ and z projections (trans-
verse to and along the beam axis, respectively) is 12 µm
at normal incidence. The vertex detector is surrounded
by a drift chamber with eight coaxial wire layers with an
outer radius of 26 cm and by a time projection chamber
(TPC) that measures up to 21 three-dimensional points
per track at radii between 30 cm and 180 cm. These detec-
tors are immersed in an axial magnetic field of 1.5 T and
together measure the momenta of charged particles with
a resolution σ(p)/p = 6 × 10−4 pT ⊕ 0.005 (pT in GeV/c).
The resolution of the three-dimensional impact parameter
in the transverse and longitudinal view for tracks having
information from all tracking detectors and two VDET
hits (a VDET “hit” being defined as having information
from both the rφ and z views) can be parametrized as
σ = 25 µm + 95µm/p (p in GeV/c). The TPC also pro-
vides up to 338 measurements of the specific ionization of
a charged particle. In the following, the dE/dx informa-
tion is considered as available if more than 50 samples are

D∗−
s → D−

s π
0, and any other B0

s decays to excited states de-
caying strongly to a D−

s

present. Particle identification is based on the dE/dx es-
timators χπ,K = (I − Iexp

π,K)/σI , where I is the measured
ionization, Iexp

π,K the expected ionization for the π or K
mass hypothesis, and σI the expected resolution on I. The
TPC is surrounded by a lead/proportional-chamber elec-
tromagnetic calorimeter segmented into 0.9◦×0.9◦ projec-
tive towers and read out in three sections in depth, with
energy resolution σ(E)/E = 0.18/

√
E+0.009 (E in GeV).

The iron return yoke of the magnet is instrumented with
streamer tubes to form a hadron calorimeter, with a thick-
ness of over 7 interaction lengths and is surrounded by two
additional double-layers of streamer tubes to aid muon
identification. An algorithm combines all these measure-
ments to provide a determination of the energy flow [10]
with an uncertainty on the measurable total energy of
σ(E) = (0.6

√
E/GeV + 0.6) GeV.

3 Event selection

This analysis uses approximately 4 million hadronic events
recorded by the ALEPH detector from 1991 to 1995 at
centre of mass energies close to the Z mass, and selected
with the charged particle requirements described in [11].
It also relies on Monte Carlo samples of fully simulated
Z → qq̄ events, as well as D−

s events from all sources. The
Monte Carlo generator is based on JETSET 7.4 [12] with
updated branching ratios; the Körner-Schuler model [13]
is used for semileptonic b hadron decays.

The interaction point is reconstructed on an event-by-
event basis using the constraint of the average beam spot
position and envelope [14]. The average resolution is 85µm
for Z → bb̄ events, projected along the sphericity axis of
the event.

The D−
s reconstruction and selection is performed in

the five channels listed in Sect. 1, using only tracks with
at least four TPC hits and well within the detector ac-
ceptance (|cos θ| < 0.95, where θ is the angle with re-
spect to the beam axis). The D−

s → φ ρ− channel, involv-
ing the reconstruction of a π0 and not considered in the
previous D−

s -lepton analysis, suffers from a large com-
binatorial background and is only used here in correla-
tion with an identified lepton to reconstruct B0

s candi-
dates. The D−

s → φ π−, D−
s → K∗0K−, D−

s → K0K−, and
D−

s → φ `−ν̄ channels have already been exploited in the
D−

s -lepton analysis, and the selected events are excluded
from the present analysis. The remaining D−

s candidates
in these channels are combined with hadrons to form B0

s
candidates. This is performed in two steps. First, each D−

s
candidate is vertexed with a single hadron track (subject
to tight selection criteria) to form a B0

s vertex candidate.
In the case that a good B0

s decay hadron is not found, a
second attempt, using a more inclusive algorithm with re-
laxed cuts, allows several hadrons to be vertexed with the
D−

s → φ π− and D−
s → K∗0K− candidates. This “multi-

hadron algorithm” is more efficient than the “single had-
ron algorithm” for hadronic B0

s → D±
s decays; however,

the increase in efficiency is larger for b̄ → W+ → D+
s de-

cays than for b̄ → D−
s decays, because b hadron decays in
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which the D+
s comes from a virtual W+ yield more tracks

on average. The samples selected with the multihadron al-
gorithm have a lower B0

s purity, because of the increased
efficiency for b hadrons other than B0

s , and a worse charge
correlation between the D−

s and the b̄ quark in the decay-
ing B0

s .
Overall, the event selection results in seven different

samples, each containing D−
s candidates reconstructed in

a given channel and vertexed using a given algorithm to
form B0

s candidates. The selection cuts, described in the
following sections, are designed to select samples of D−

s
from B0

s decays statistically independent of that used in
the D−

s -lepton analysis and tuned, on Monte Carlo events,
to maximize the signal significance.

3.1 D−
s selection in the φ π−, K∗0K−, K0K−

and φ `−ν̄ channels

To reconstruct the neutral daughter of the D−
s (φ →

K+K−, K∗0 → K+π− or K0
S → π+π−), pairs of oppositely

charged tracks are required to come from a common vertex
and to have a mass consistent with the nominal mass of a
φ, K∗0, or K0. A third track is then combined with each
of these pairs to form a three-prong D−

s vertex, except
for the D−

s → K0K− channel where the additional track
is vertexed with the K0 candidate to allow for separate
D−

s and K0 vertices. For the D−
s → K∗0K− channel, this

third track must have a charge opposite to that of the K∗0

daughter assumed to be a kaon, and for the D−
s → φ `−ν̄

channel it is required to pass standard lepton identifica-
tion cuts [15].

The cuts listed in Table 1 are applied in order to re-
duce the background. The K0 selection is enhanced by re-
quiring the pion candidates to be incompatible with orig-
inating from the primary vertex, the K0 mass and ver-
tex fit to yield a χ2 per degree of freedom (χ2/dof) less
than 10, and the K0 proper decay time to be larger than
1.5 mm/c. For all the charged kaon candidates, a cut is ap-
plied on the dE/dx information if available; D−

s → K∗0K−
and D−

s → K0K− candidates without dE/dx information
for any of the charged kaon candidates are rejected. The
probability that the hemisphere opposite to the D−

s can-
didate arises from a light quark event is calculated from
the track impact parameters with respect to the primary
vertex (using the algorithm of [14]) and required to be
small. Due to the spin structure of the D−

s → φ π− and
D−

s → K∗0K− decays, the helicity angle λ∗, defined as the
angle between the charged daughter of the D−

s and a kaon
from the neutral daughter of the D−

s in the rest frame of
the neutral daughter, has a cos2 λ∗ distribution. Since the
background has a flatter distribution, the central part of
that distribution is rejected. Finally, at least one of the
tracks forming the D−

s candidate is required to be asso-
ciated with a VDET hit (in the D−

s → K0K− case, the
requirement applies to the K− or to both pions of the
K0).

For the D−
s → φ `−ν̄ channel, the D−

s mass and mo-
mentum are reconstructed assuming that the neutrino has
an energy given by the measured missing energy in the

hemisphere and the same direction as the φ`− system;
this results in a D−

s mass resolution of approximately
230 MeV/c2 with a central value shifted towards lower
mass by ∼ 250 MeV/c2.

3.2 B0
s → D−

s +hadron(s) selection

A B0
s decay vertex candidate is formed by adding to a D−

s
candidate the highest momentum track X satisfying the
following conditions:

– the charge of X is opposite to that of the D−
s ;

– the cosine of the angle between X and the D−
s is greater

than 0.8;
– the D−

s +X vertex fit yields a χ2 probability greater
than 1%;

– the D−
s decay length `D−

s
, defined as the distance be-

tween the D−
s and the D−

s +X vertices projected along
the D−

s direction, satisfies −0.2 < `D−
s

< 2.0 cm;
– the invariant mass of D−

s +X is smaller than 5.5 GeV/c2,
and, for the D−

s → φ `−ν̄ channel only, larger than
1.8 GeV/c2.

This algorithm is first applied with the additional require-
ment that X be an electron or muon identified using stan-
dard criteria [15]. If a candidate is found then the corre-
sponding D−

s candidate is rejected. The above algorithm
is then applied again on the remaining D−

s candidates to
select B0

s → D−
s +single hadron candidates. The final cuts

listed in Table 2 are then applied to these B0
s candidates;

in addition `D−
s

> 0 is required, and the hadron track is
required to have a VDET hit and a momentum greater
than 1.5 GeV/c.

Inefficiencies in the above single hadron vertexing al-
gorithm are mainly due to cases where the leading track
does not originate from the b hadron vertex. These cases
can be recovered if lower momentum tracks are used in
the vertex reconstruction. The multihadron vertexing al-
gorithm described below is applied to the D−

s → φ π− and
D−

s → K∗0K− candidates that fail the tight single hadron
vertexing, cannot be vertexed satisfactorily with any of
the identified leptons in the event, and contain at least
two tracks with a VDET hit.

For any such D−
s candidate, each remaining charged

track X of momentum greater than 0.7 GeV/c, with a
VDET hit, and forming an angle with the D−

s candidate
whose cosine is greater than 0.8, is vertexed individually
with the D−

s candidate. Tracks yielding a vertex χ2/dof
in excess of 5 are rejected. A decay length is associated to
each remaining track, which is calculated as the distance
from the primary vertex to the D−

s +X vertex projected
on the axis of the closest jet (obtained using the JADE
algorithm with ycut=0.02). A clustering algorithm is then
applied to group tracks with similar decay lengths. Tracks
originating from a b hadron are expected to cluster around
the b hadron decay length, whereas tracks from the pri-
mary vertex either fail the χ2 cut or result in a different
decay length. Each cluster of tracks is then vertexed with
the D−

s candidate to form a B0
s vertex candidate. The total
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Table 1. Cuts used to select D−
s candidates. Subscript 1 (2) refers to the charged (neutral)

daughter of the D−
s ; 3 and 4 refer to the daughters of 2, in order of decreasing mass

Requirement D−
s → φπ− D−

s → K∗0K− D−
s → K0K− D−

s → φ `−ν̄

pD−
s
> 10 GeV/c 12 GeV/c 5 GeV/c –

p1 > 2.5 GeV/c 3 GeV/c 3 GeV/c 3 GeV/c
p2 > 5.5 GeV/c 4.5 GeV/c – 10 GeV/c
p3 > 1 GeV/c 2.5 GeV/c – 2 GeV/c
p4 > 1 GeV/c 1 GeV/c – 2 GeV/c

max(p3, p4) > – – 1.0 GeV/c 4.5 GeV/c
|m34 −m2| < 7 MeV/c2 25 MeV/c2 12 MeV/c2 5 MeV/c2

D−
s vertex χ2/dof < 30 4 4 4

N(K±) with dE/dx info ≥ 0 out of 2 1 out of 2 1 out of 1 0 out of 2
for each K±, χπ + χK < 1.6 1.6 −0.5 2.0
opp. hemi. prob(uds) < – 0.3 0.3 0.1

|cosλ∗| > 0.45 0.65 – –

Table 2. Cuts used to select B0
s → D−

s + single hadron candidates. The quantity θ∗ is the
angle between the hadron and the B0

s in the B0
s rest frame

Requirement D−
s → φπ− D−

s → K∗0K− D−
s → K0K− D−

s → φ `−ν̄

if dE/dx avail, χπ + χK > −3.0 −1.0 −1.8 −3.0
B0

s vertex χ2 prob > 1% 8% 4% 1%
mass (D−

s ,hadron) > 2.5 GeV/c 2.5 GeV/c 2.5 GeV/c 2.1 GeV/c
pB0

s
> 23 GeV/c 27 GeV/c 27 GeV/c 30 GeV/c

|cos θ∗| < 0.9 0.7 0.9 1.0
B0

s decay length error < 0.04 cm 0.05 cm 0.10 cm 0.05 cm

charge of these B0
s candidates must not exceed two units

in absolute value.
If more than one vertex candidate remains, the visible

reconstructed mass (computed as the invariant mass of
the D−

s candidate and its associated tracks) and the sep-
aration from the primary vertex are used to select a solu-
tion. If the candidate with the highest reconstructed mass
also has the largest separation from the primary vertex
(∼ 85% of the cases, according to Monte Carlo studies),
this candidate is chosen for the b hadron vertex. It corre-
sponds to the true b hadron vertex in more than 95% of
the simulated events. In the remaining cases (∼ 15%), the
vertex to which the highest momentum track is associated
is chosen. Monte Carlo studies show that for this case the
probability to select the correct B0

s vertex is about 80%.
Finally, the B0

s vertex candidate is required to be recon-
structed upstream of the D−

s vertex, and the error on the
B0

s decay length is required to be smaller than 400 µm.

3.3 B0
s → D−

s +lepton selection via D−
s → φ ρ−

A φ candidate is reconstructed using two oppositely
charged tracks, with individual momenta greater than
1.5 GeV/c, and identified as kaons (|χK| < 2.0) if dE/dx
information is available. The K+K− system is required to
have a momentum greater than 4.0 GeV/c and an invari-
ant mass within 9 MeV/c2 of the nominal φ mass.

The π0 candidates are reconstructed using an algo-
rithm involving a kinematic fit with the π0 mass con-

straint [10]. The photons are required to have a minimum
energy of 300 MeV each, a combined mass within 40 MeV/
c2 of the nominal π0 mass, and a total momentum in ex-
cess of 1.5 GeV/c. The χ2/dof of the kinematic fit is re-
quired to be less than 10. In order to form ρ− candidates,
each π0 candidate is combined with a charged track of mo-
mentum greater than 0.5 GeV/c and identified as a pion
(|χπ| < 2.0) if dE/dx information is available. The mass
of the π0π− system is required to lie within 150 MeV/c2 of
the nominal ρ− mass. A D−

s candidate is constructed from
a φ and a ρ−. At least two of the charged tracks making
up the D−

s candidate are required to have a VDET hit.
A fit to the D−

s decay vertex is performed; combinations
with a vertex χ2/dof < 10 are retained.

To construct a B0
s candidate the D−

s candidates are
combined with an oppositely charged lepton identified us-
ing standard criteria [15], and required to have a momen-
tum of 3 GeV/c or more, a momentum transverse to the
nearest jet of at least 0.75 GeV/c, and a VDET hit.

A second vertex fit is performed using the reconstruc-
ted D−

s and the lepton candidate. The χ2/dof of the ver-
tex fit is required to be less than 5. The B0

s decay length
is calculated as the distance between the primary event
vertex and the D−

s `+ vertex projected on the axis of the
jet nearest to the B0

s candidate. The B0
s vertex is required

to lie upstream of the D−
s decay vertex.

Finally, some further requirements are made upon the
B0

s candidate to reduce combinatorial backgrounds. The
B0

s momentum, reconstructed as the sum of the D−
s , lep-
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ton, and missing momentum in the B0
s hemisphere, is re-

quired to be greater than 25 GeV/c. Furthermore the mass
of the D−

s `+ system is required to lie between 2.5 and
5.5 GeV/c2, and that of the three charged tracks forming
the D−

s candidate is required to be below 1.75 GeV/c2. If
after all cuts an event contains several candidates, that
having the π0π− mass closest to the nominal ρ− mass is
chosen; this is done in about 40% of the events.

4 Signal and background sources

The fraction of D−
s events (and that of D−, if appropriate)

is determined in each sample from the data itself, by fitting
the mass spectrum. These D−

s and D− events result from
contributions of various physics processes; the amount of
each of these contributions is determined from the physics
parameters which control the corresponding process and
from the reconstruction efficiency.

4.1 D−
s mass fits

The D−
s mass spectra after all the selection criteria de-

scribed in Sect. 3 are shown in Fig. 1, separately for each
of the seven samples. The superimposed curves represent
fits to these mass distributions. The following sources of
D−

s candidates are considered:
– True D−

s : the charged tracks used to reconstruct the
D−

s candidate are the products of a true D−
s decay in

the corresponding channel, and their mass assignment
is correct. This source includes D−

s → φ ρ− candidates
where the π0 is incorrectly reconstructed (either a fake
π0 or a true π0 not from the D−

s → φ ρ− decay).
– True D−: the charged tracks used to reconstruct the

D−
s candidate are the products of a true D− decay,

and their mass assignment is correct. This source is
only considered for the φπ−, K0K− and φρ− channels.
The D− and D−

s peaks may overlap only in the φρ−
mass spectrum, due to the poorer mass resolution.

– D− reflection: the tracks used to reconstruct the
D−

s candidate are the products of a true D− decay,
but their mass assignment is wrong. This source is
only considered for the K∗0K− channel, where a D− →
K∗0π− decay can fake a D−

s → K∗0K− decay if the π−
is misidentified as a K−. The D− reflection has a sig-
nificant overlap (in the K∗0K− mass spectrum) with
the D−

s peak. A possible D− reflection in the K0K−
channel is negligible because of the tight dE/dx re-
quirement on the K− candidate.

– Combinatorial background: the charged tracks
used to reconstruct the D−

s candidate do not all come
from a common D−

s or D− decay, or their mass assign-
ment is wrong (and they do not form a D− reflection),
or other additional particles are produced in the D−

s
or D− decay.
In each sample, the combinatorial background is pa-

rametrized using a quadratic function with free param-
eters, except for the D−

s → φ `−ν̄ and D−
s → φ ρ− chan-

nels where the shape of this background is taken from the

Monte Carlo as it is not sufficiently constrained by the
data sidebands. In all cases the normalisation of the com-
binatorial background is left free in the fit to the data.

For the D−
s → φ π−, D−

s → K0K− and D−
s → φ `−ν̄

channels, a Gaussian parametrization of the D−
s (and pos-

sible D−) peaks is satisfactory; the width and central val-
ues of these Gaussian distributions are left free in the fit
to the data.

For the D−
s → φ ρ− channel, some true D−

s and D−
events are reconstructed with the correct charged tracks,
but a wrong π0 candidate. These “wrong-π0 events” have
valid reconstructed charge and vertex, but have a poorer
mass and momentum resolution. Both the wrong-π0

events and the right-π0 events are parametrized in the
mass distributions with shapes determined from Monte
Carlo; the fraction of wrong π0’s in the peaks are also
taken from the Monte Carlo.

The fit of the D−
s → K∗0K− mass spectra is a special

case due to the presence of the D− reflection. Following
the method described in [16], a simultaneous fit is per-
formed on the two mass spectra obtained from the two
possible mass hypotheses (K− or π−) for the track asso-
ciated with the reconstructed K∗0. The shapes of the D−

s
and D− reflections are parametrized with the convolution
of a Gaussian and an exponential distribution and deter-
mined from Monte Carlo samples, the only free parameters
in the fit being the shape parameters of the combinatorial
backgrounds, the central values of the Gaussian D−

s and
D− peaks, and the number of D−

s and D− events which
are constrained to be the same in the two spectra.

The signal and sideband regions used in this analysis
are shown as shaded areas in Fig. 1. The width of the sig-
nal regions correspond to ±(1.5− 2.0) σ depending on the
channel, where σ is the Gaussian resolution associated to
each D−

s peak. The sideband regions are chosen to con-
tain mostly combinatorial background. The total number
of data candidates in the signal regions is 1620.

4.2 Sample compositions

The reconstruction efficiencies of the D−
s mesons are de-

termined from fully simulated D−
s events, separately for

the different decay modes and the different sources of D−
s

mesons (B0
s , B0

d, B+, Λb, charm and light quark events2).
The reconstruction efficiency of the b → W− → D−

s de-
cays is found to be dependent on the fraction of two-body
decays of the b hadron. The assumed fraction of two-body
decays relies on the CLEO measurement of the fraction of
B0

d,B+ → D(∗)+
s D̄(∗) decays in B0

d,B+ → D(∗)+
s X decays,

0.457 ± 0.042 [17], and on an estimate of the fraction of
B0

d,B+ → D(∗)+
s D̄∗∗ decays, 0.2 ± 0.1, derived from [17].

The quoted errors are taken into account when calculat-
ing the systematic error due the reconstruction efficiencies.
For the direct b → D+

s decay the efficiency is found to be
much less dependent on the decay channels [18].

2 Throughout this paper, the generic notation Λb is used to
designate all b baryons
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Fig. 1. D−
s mass spectra for the seven samples. The

solid curves show the results of the D−
s signal fits de-

scribed in the text, which also take into account true
D− events (a, b, e, g) or D− reflections (c, d). The
dotted curves show the fitted contributions from the
combinatorial and D− reflection backgrounds. The
combinatorial background shapes are quadratic poly-
nomials (a, b, c, d, e), or taken from the Monte Carlo
(f, g). The signal and sideband regions are shaded

Table 3. Values of the physics parameters assumed in this analysis. The
quantity fB+ = B(b̄ → B+) is taken as 1 − fB0

d
− fB0

s
− fΛb . The quoted

uncertainties do not include any contribution from B(D−
s → φπ−). Where

several references are quoted, the weighted average is computed, assum-
ing correlated systematic uncertainties between [17] and [24], B(B0

s → D−
s X) =

B(B0
s → D−

s `
+νX)/B(B0

s → `+νX), σ(e+e− → cc̄) = 1232 ± 104 pb at
√
s =

10.5GeV, and Rc = B(Z → cc̄)/B(Z → qq̄) = 0.172

Physics parameter Value and uncertainty Reference

B+ lifetime 1.62 ± 0.06 ps [19]
B0

d lifetime 1.56 ± 0.06 ps [19]
B0

s lifetime 1.61 ± 0.10 ps [19]
Λb lifetime 1.14 ± 0.08 ps [19]
∆md 0.463 ± 0.018 ps−1 [2]

Rb = B(Z → bb̄)/B(Z → qq̄) 0.2178 ± 0.0011 [20]
fB0

s
= B(b̄ → B0

s ) 0.112 ± 0.018 [19]
fB0

d
= B(b̄ → B0

d) 0.378 ± 0.022 [19]
fΛb = B(b → Λb) 0.132 ± 0.041 [19]

B(b → `) 0.1122 ± 0.0021 [20]
B(b → c → `) 0.0803 ± 0.0034 [20]

B(c → `) 0.098 ± 0.005 [21]

Rc B(c̄ → D−
s ) B(D−

s → φπ−) (6.27 ± 0.66) × 10−4 [16,22,23]
Rb fB0

s
B(B0

s → D−
s X) B(D−

s → φπ−) (5.82 ± 0.83) × 10−4 [5,16]
Rb fB0

s
B(B0

s → D−
s `

+νX) B(D−
s → φπ−) (6.53 ± 0.93) × 10−5 [5,16]

B(B0
d,B

+ → D±
s X) B(D−

s → φπ−) (3.71 ± 0.28) × 10−3 [17,23,24]
B(B0

d,B
+ → D−

s X)/B(B0
d,B

+ → D±
s X) 0.172 ± 0.083 [25]
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The list of physics parameters is included in Table 3,
together with their values and uncertainties used in this
analysis. The values and uncertainties of the D−

s branch-
ing ratios, in particular B(D−

s → φ π−), are irrelevant for
this analysis. In the absence of measurements of D−

s pro-
duction in Λb decays and of D+

s production in B0
s decays,

it is assumed that B(Λ̄b → D+
s X) = B(B0

s → D+
s X) =

B(B0
d,B+ → D+

s X) and B(Λ̄b → D−
s X) = B(B0

d,B+ →
D−

s X).
The combinatorial background fraction is directly

taken from the fit to the D−
s mass spectrum. In the case

of the D−
s → K∗0K− and D−

s → φ ρ− decay channels, the
fraction of D− events is also obtained from the mass fits.
These events can originate either from charm or b decays.
In the φρ− sample, where an additional lepton is required,
no D−’s are expected from charm. In the other samples,
the fraction of D−’s from b decays is estimated from Monte
Carlo studies to be approximately 60%, of which 75% orig-
inate from B0

d decays. These values are varied within a
wide range, but the effect on the result is found to be
negligible.

Nine different source fractions are estimated for each
sample and displayed in Table 4. In addition, a small frac-
tion of D−

s mesons produced in the fragmentation of uds
events (0.2% on average) is taken into account and added
to the fraction of D−

s mesons produced directly in cc̄
events. The quoted uncertainties on the combinatorial
background fractions are obtained from the fits to the in-
variant mass spectra in the data. The uncertainties on
the other fractions due to the reconstruction efficiencies
(including the Monte Carlo statistical uncertainties and
the uncertainties from the fraction of two-body decays in
b → W− → D−

s decays as explained above) are typically
less than 0.01. These uncertainties are taken into account,
together with those on the physics parameters, in the cal-
culation of systematic errors. On average, the total B0

s pu-
rity is estimated to be 22%, consisting of 20% of B0

s → D−
s

decays and 2% of B̄0
s → W− → D−

s decays.

5 Proper time determination

5.1 Decay length resolution

The decay length of the B0
s candidates is estimated us-

ing the algorithms described in Sect. 3. Stringent require-
ments on the vertex fit probabilities are used to reduce the
fraction of B0

s candidate vertices containing a misassigned
track from the primary vertex. According to Monte Carlo
studies, this fraction is 8.5% (21%) for the single hadron
(multihadron) vertexing algorithm. The amount of pri-
mary vertex background depends on the charged track
multiplicity of the final state of the b hadron decay. The
probability to assign a primary vertex track to the B0

s ver-
tex is reduced for higher multiplicity decays. In a study of
the fraction of tracks from the primary vertex, a difference
of 7% between data and Monte Carlo has been observed.
Including the error from data and Monte Carlo statistics,
a total uncertainty of ±9% on the quoted fraction of pri-

mary vertex background is taken into account to calculate
the contribution to the systematic error.

For events in which at least one track from the B0
s

decay vertex is correctly associated with the D−
s , an aver-

age resolution on the reconstructed decay length of about
265 µm is observed for both vertex reconstruction algo-
rithms, with a core resolution of ∼160 µm for 50% of the
events.

In order to quantitatively determine the difference in
the resolution between the Monte Carlo simulation and
the data, special samples of D−

s candidates are selected
with relaxed cuts; these samples are enriched in Z → bb̄
events by requiring a displaced vertex in the thrust hemi-
sphere opposite to the D−

s . In addition the lifetime in the
hemisphere of the D−

s candidate is required to be small.
Comparing the negative side of the b hadron lifetime dis-
tribution in data and Monte Carlo indicates that the de-
cay length resolution is too good in the Monte Carlo by
a factor SMC = 1.04 ± 0.03. To take this observed differ-
ence into account, a correction is applied to each proper
time resolution function by multiplying the width of the
decay-length-dependent part by 1.04. The 3% statistical
uncertainty on SMC is propagated as a systematic uncer-
tainty on the final results.

5.2 B0
s momentum reconstruction

The momentum of the B0
s candidates is estimated using

two different algorithms. In both cases, the energy of the
B0

s candidate is obtained from its estimated momentum
assuming the world average B0

s mass [19].
For B0

s candidates reconstructed as semileptonic de-
cays or reconstructed in events where the missing momen-
tum exceeds 10 GeV/c in the D−

s hemisphere (estimated
as in [26]), the momentum is estimated as the vector sum
of the reconstructed D−

s momentum, the momentum of
the track(s) attached to the B0

s candidate vertex and the
missing momentum in the D−

s hemisphere. In Monte Carlo
studies the average momentum resolution for semileptonic
and hadronic decays was found to be 8% and 12% respec-
tively.

For B0
s candidates reconstructed as hadronic decays

and with low missing momentum in the D−
s hemisphere,

the momentum reconstruction is based on the following
algorithm. The momentum sum of the reconstructed D−

s
and the charged tracks associated to the reconstructed B0

s
vertex are used as an initial estimator of the B0

s momen-
tum. All possible combinations of the remaining tracks
and neutral particles with momenta greater than 1 GeV/c
(assumed to be charged pions or photons) are then added
and for each combination the four-momentum is calcu-
lated. Using this algorithm on Monte Carlo B0

s decays
yields a mass distribution with a most probable value of
5.2 GeV/c2. From this distribution, each combination re-
constructed in the data is assigned a probability to be
compatible with the B0

s hypothesis. The combination with
the highest probability is selected and its momentum is
used as an estimate of the b hadron momentum. With
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Table 4. Composition of the seven samples. The numbers given are the fractions of the D−
s candidates estimated to be

due to the various sources indicated in the first column (after possible B0
s and B0

d mixing). The last source in the list is
the combinatorial background; the D− contributions are included in the other sources. The numbers of data candidates
accepted in the signal regions are given on the header line

single hadron multihadron lepton all

φπ− K∗0K− K0K− φ`− φπ− K∗0K− φρ−

539 evts 178 evts 158 evts 80 evts 326 evts 228 evts 111 evts 1620 evts

B0
s 0.22 0.18 0.11 0.30 0.19 0.15 0.28 0.20

B̄0
s 0.02 0.02 0.01 0.01 0.03 0.02 0.00 0.02

B0
d 0.01 0.05 0.01 0.02 0.02 0.05 0.00 0.02

B̄0
d 0.08 0.07 0.04 0.04 0.09 0.07 0.01 0.07

B+ 0.01 0.02 0.02 0.04 0.02 0.03 0.00 0.02
B− 0.08 0.07 0.04 0.04 0.09 0.07 0.01 0.07

Λb, Λ̄b 0.03 0.03 0.01 0.02 0.03 0.03 0.00 0.02
cc̄ 0.19 0.12 0.04 0.22 0.19 0.11 0.00 0.14

comb. 0.35 ± 0.04 0.45 ± 0.08 0.71 ± 0.08 0.30 ± 0.15 0.33 ± 0.06 0.48 ± 0.09 0.69 ± 0.16 0.43 ± 0.03

this method an average resolution of 9% and an extremely
good core resolution of 2% (for 20% of the events) is found.

The uncertainty on the momentum resolution due to
the Monte Carlo statistics and to the parametrization used
for the dependence of the proper time resolution on the
momentum resolution has been estimated to be 7.0%. The
performance of the momentum reconstruction has been
compared in data and Monte Carlo samples obtained with
relaxed cuts. The average reconstructed momentum in the
Monte Carlo has been found to be shifted by 0.32 GeV/c; a
systematic uncertainty of 1.1% is therefore considered on
the momentum estimate. No significant difference in the
width of the momentum distributions was observed, and
the 1.2% statistical precision of the comparison has been
taken as an additional contribution to the uncertainty on
the momentum resolution. The total uncertainty on the
momentum resolution is 7.1%.

5.3 Proper time resolution

The proper decay time of the B0
s candidate is calculated

from the reconstructed decay length l and momentum p
as

t =
l mB0

s

p
. (2)

The proper time resolution worsens with increasing true
decay time ttrue, as illustrated in Fig. 2. In order to take
this dependence into account the distributions of t − ttrue

are parametrized as functions of ttrue. The parametriza-
tion includes the fraction of primary vertex background.

Resolution functions rjl(t, ttrue) are determined from
Monte Carlo events for each D−

s source j and for each
decay topology l. Four different decay topologies are dis-
tinguished based on the vertex reconstruction algorithms
(single hadron, multihadron, lepton, D−

s → K0K−). The
resolution functions are found to be independent of the
D−

s decay channel (within each topology) and indepen-
dent of the b hadron species, but separate functions are
needed for b̄ → D−

s and b̄ → W+ → D+
s . The resolution
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Fig. 2. Proper time resolution for Monte Carlo D−
s → φπ−

events, reconstructed with the multihadron algorithm, for dif-
ferent true time intervals. Separate distributions are shown for
the cases where the number of primary vertex tracks included
in the reconstructed B0

s vertex is at least one (primary vertex
background) or exactly zero (core distributions, for which the
RMS values are quoted). The curves represent the integral of
the time resolution parametrizations over the corresponding
true time intervals

is indeed worse for double charm decays because tracks
from the additional charm vertex are sometimes associ-
ated with the b hadron vertex.

The resolution function for the b baryon source is as-
sumed to be the same as for b̄ → W+ → D+

s , as supported
by Monte Carlo studies.

6 Tagging and discrimination

The flavour state of the decaying B0
s is estimated from

the charge of the reconstructed D−
s . This final state tag
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is incorrect if the D−
s is produced via a W−, as in this

case the charge of the D−
s is reversed. The flavour state

at production time is estimated using a variety of initial
state tags. The power of these tags is enhanced by the
means of discriminating variables which have some abil-
ity to distinguish whether the tag is correct or not. This
approach was used in the ALEPH D−

s -lepton analysis [5]
and further details can be found there.

A B0
s candidate is “tagged as unmixed (mixed)” when

the reconstructed initial and final flavour states are the
same (different). By definition, candidates from cc̄ or com-
binatorial backgrounds are only “correctly tagged” if they
are “tagged as unmixed”.

6.1 Initial state tags

Each B0
s candidate event is divided into two hemispheres

using the thrust axis to separate the products of the b
and the b̄ quarks. The hemisphere containing the recon-
structed B0

s momentum is referred to as the “same hemi-
sphere”, and the other one as the “opposite hemisphere”.
For each B0

s candidate, one of the tags described below is
used to determine the initial state.

– Lepton tag: Muons (electrons) with momentum
greater than 3 (2) GeV/c and passing standard lepton
identification requirements [15] are searched for in the
opposite hemisphere. The sign of the lepton with the
highest transverse momentum p`

T (computed with re-
spect to the axis of the jet containing the lepton can-
didate) tags the nature of the initial b quark in the
opposite hemisphere. This tag is not very efficient due
to the low semileptonic branching ratio, but it can have
the smallest mistag probability for large values of p`

T,
where backgrounds from b → c → ` and c → ` are less
important. It takes precedence over the other tags if it
is available.

– Fragmentation kaon tag: The fragmentation kaon
candidate is defined as the highest momentum charged
track within 45◦ of the B0

s direction, identified as being
more likely to come from the primary vertex than the
secondary vertex, and satisfying χK < 0.5 and χK −
χπ > 0.5. Only tracks which have not already been
used to construct the D−

s or B0
s vertices are considered

as potential candidates. The sign of the fragmentation
kaon candidate tags the sign of the b quark in the same
hemisphere. It is used if no opposite hemisphere lepton
tag is found.

– Opposite hemisphere charge tag: The opposite
hemisphere charge is defined as

Qo =

oppo∑
i

qi |pi
‖|κ

oppo∑
i

|pi
‖|κ

, (3)

where the sum is over all charged particles in the oppo-
site hemisphere, pi

‖ is the momentum of the ith track

projected on the thrust axis, qi its charge and κ =
0.5 [27]. The sign of Qo tags the initial state of the
b quark in the opposite hemisphere. This tag is always
available but has the largest mistag probability of the
three tags. It is used only if no other tag is available.

6.2 Tagging classes and discriminating variables

The B0
s candidate events are sorted into five exclusive

classes based on the availability and results of the three
tags. The definition of the tagging classes and the list of
the discriminating variables associated with each class are
given in Table 5. The variable Qs is the sum of the charges
of all the tracks in the same hemisphere and carries infor-
mation on the initial state of the B0

s . As the sum of charges
of tracks originating from the decay of a neutral particle
is zero, it is independent of whether the B0

s decays as a B0
s

or a B̄0
s . The variable ZK is the fraction of the available

beam energy taken by the fragmentation kaon candidate
(as defined in [5]). It is expected to be large for a true
fragmentation kaon which is the first particle produced in
the hadronization chain after the B0

s [28]. The inclusion
of the reconstructed B0

s proper time t takes into account
that the mistag probability of the fragmentation kaon in-
creases as the B0

s vertex approaches the primary vertex,
due to the misassignment of tracks between the primary
and secondary vertices.

Because the performance of the fragmentation kaon
tag depends on the multiplicity of the non-identified B0

s
decay products, the mistag probabilities and the distri-
butions of the discriminating variables for the correctly
and incorrectly tagged events are different (within any
given class) for each of the three groups of reconstructed
B0

s “decay channels”, namely B0
s → D−

s +single hadron,
B0

s → D−
s +multihadron, and B0

s → D−
s +lepton. However

they are independent of the D−
s decay channel (within a

given class and for a given group), since the D−
s is fully

reconstructed.
The signal mistag probability η, as well as the prob-

ability distributions for correctly and incorrectly tagged
signal events (ri(xi) and wi(xi)) of each discriminating
variable xi, are estimated using large Monte Carlo sam-
ples. This is done separately in each tagging class and for
each group of channels. The first columns of Table 6 show
examples of class populations and mistag rates as deter-
mined from Monte Carlo signal events.

The various discriminating variables chosen in each
class, x1, x2, . . ., are combined into a single effective dis-
criminating variable xeff , according to the prescription de-
veloped for the D−

s -lepton analysis [5]. This new variable
is defined in each tagging class and for each group of B0

s
decay channels as

xeff =
η w1(x1) w2(x2) · · ·

(1 − η) r1(x1) r2(x2) · · · + η w1(x1) w2(x2) · · · ,

(4)
and takes values between 0 and 1. A small value indicates
that the initial state of the B0

s candidate is likely to have
been correctly tagged.
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Table 5. The tag and discriminating variables used in each class. The quantities S(Qo),
S(K) and S(`) are the signs of the opposite hemisphere charge, the fragmentation kaon and
the opposite lepton

Available tags Tag
Class (in addition to S(Qo)) used Discriminating variables used

1 S(Qo) Qs × S(Qo) Qo × S(Qo)= |Qo|
2 S(K) S(K) Qs × S(K) Qo × S(K) ZK χπ t
3 S(`) S(`) Qs × S(`) Qo × S(`) p`

T

4 S(K) = −S(`), agree S(`) Qs × S(`) Qo × S(`) p`
T ZK χπ t

5 S(K) = S(`), disagree S(`) Qs × S(`) Qo × S(`) p`
T ZK χπ t

Table 6. The fraction of events, mistag probability η and ef-
fective mistag probability ηeff in each class as determined from
Monte Carlo signal events reconstructed with the single hadron
vertexing algorithm. The first uncertainties quoted on the frac-
tions and on η are statistical. The second uncertainties quoted
on η are the systematic uncertainties described in Sect. 6.3. The
difference between η and ηeff reflects the gain in tagging per-
formance obtained from the use of the discriminating variable
xeff

Class Fraction Mistag η Effective mistag ηeff

(%) (%) (%)

1 54.8 ± 0.5 37.3 ± 0.6 ± 0.8 31 ± 1
2 20.8 ± 0.4 25.6 ± 0.9 ± 2.0 20 ± 2
3 17.7 ± 0.3 34.5 ± 1.0 + 1.8

− 1.5 22 ± 2
4 4.0 ± 0.2 17.9 ± 1.6 + 1.6

− 1.3 14 ± 2
5 2.6 ± 0.1 59.2 ± 2.7 + 2.2

− 1.6 25 ± 3

ALL 100.0 ± 0.0 34.2 ± 0.4 26 ± 1

The probability density functions Gc
jkl(x

eff) of xeff are
determined for each D−

s source j in each tagging class k
and for each group of B0

s decay channels l, separately for
the correctly (c = +1) and incorrectly (c = −1) tagged
events. This determination (as well as the estimation of
the corresponding mistag probabilities ηjkl) is based on
Monte Carlo events, except for the combinatorial back-
ground where the data sidebands are used. The functions
Gc

jkl(x
eff) are found to be similar, and therefore assumed

to be equal, for all b hadron species. Examples of these
distributions are shown in Fig. 3.

The enhancement of the tagging power provided by
the variable xeff depends on the difference between the
G+

jkl(x
eff) and G−

jkl(x
eff) distributions, and can be quanti-

fied in terms of effective mistag rates, as described in [5].
Some effective mistag rates for the B0

s signal are given in
Table 6.

6.3 Systematic studies on tagging

As a check of the accuracy of the simulation with respect
to the mistag probabilities and the distributions of the dis-
criminating variables, a comparison between the data and
Monte Carlo distributions is performed, and observed dif-
ferences are propagated as systematic uncertainties. This
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Fig. 3. Distributions of the effective discriminating variable
xeff , as determined in each tagging class from correctly tagged
and incorrectly tagged b hadron Monte Carlo events recon-
structed with the single hadron vertexing algorithm. The dis-
continuities observed in Class 1 are due to the discrete nature
of Qs. The plain curves are the parametrizations of these dis-
tributions, which are proportional to the probability density
functions Gc

jkl(x
eff) used in the likelihood function. The dashed

and dotted curves show modified parametrizations used for sys-
tematic studies

is done by constructing a “best case” and a “worst case”
scenario in which the set of nominal mistags ηjkl and
distributions Gc

jkl are replaced by an alternative set of
mistags and distributions which have been appropriately
modified to yield a better or worse tagging performance.

Following the method used in the D−
s -lepton analy-

sis [5], the modified distributions, Gc best
jkl and Gc worst

jkl , are
taken as the Monte Carlo distributions of modified effec-
tive discriminating variables xeff best and xeff worst defined,
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Table 7. The offsets and scale factors, with their statistical
uncertainties, representing the difference between Monte Carlo
and data for some of the discriminating variables (the values
for χπ and ZK are from [5])

Variable Offset Scale factor

Qo −0.0005 ± 0.0024 1.026 ± 0.011
Qs +0.023 ± 0.019 1.025 ± 0.009
χπ −0.025 ± 0.024 1.01 ± 0.02
ZK +0.001 ± 0.001 0.95 ± 0.02

in analogy with (4), as

xeff best =
ηbest wbest

1 (x1) wbest
2 (x2) ···

(1−ηbest) rbest
1 (x1) rbest

2 (x2) ··· +ηbest wbest
1 (x1) wbest

2 (x2) ···
, (5)

and similarly for xeff worst, using modified signal mistags
ηbest and ηworst, as well as modified discriminating vari-
able distributions (wbest, wworst, rbest and rworst). This
procedure of varying, in a coherent way, all the quantities
relevant to a particular tag tends to overestimate the sys-
tematic effects, and is thus rather conservative. Examples
of Gc best

jkl and Gc worst
jkl functions used in this analysis are

shown as dotted and dashed curves in Fig. 3. All back-
ground mistag biases considered to construct the worst
and best cases are taken to be equal to those assumed for
the signal.

The modified distributions for variables Qo, Qs, χπ,
and ZK are obtained by applying offsets and scale factors
to the nominal Monte Carlo distributions, as in the D−

s -
lepton analysis. These offsets and scale factors, shown in
Table 7, are estimated from a comparison between Monte
Carlo and data distributions obtained with relaxed selec-
tion cuts. These changes are also propagated to the Qo
mistag in Class 1 and yield modified mistags ηbest and
ηworst which differ from their nominal values by approxi-
mately ±0.8% (absolute). For the fragmentation kaon tag,
an absolute mistag bias of ±2% is considered.

The mistag of the opposite lepton tag and the power of
p`
T as a discriminating variable is determined by the frac-

tion of leptons originating directly from a b decay, i.e., by
the branching ratios B(b → `), B(b → c → `) and B(c → `)
given in Table 3. To a lesser extent it is also influenced by
the assumed model for the decay process and systematics
in the lepton identification purity and efficiency. For the
best (worst) case, the assumed value of B(b → `) is in-
creased (decreased) by its uncertainty, the other branch-
ing ratios moved in the opposite direction, and the as-
sumed decay model is modified so as to give a better
(poorer) tagging performance. The modified mistags for
Classes 3, 4 and 5, and all the modified r and w distribu-
tions involving p`

T are determined in the same way as the
corresponding nominal quantities, but from Monte Carlo
events reweighted to the desired branching ratios and de-
cay model. Absolute changes of 1–2% are obtained on the
mistags (see Table 6 for details).

7 Likelihood function

Each b hadron source has a different probability distribu-
tion function for the true proper time ttrue and for the
discrete variable λ, defined to take the value −1 for the
mixed case or +1 for the unmixed case. Assuming CP con-
servation and equal lifetime for the two CP eigenstates in
each neutral b meson system, the joint probability distri-
bution of ttrue and λ can be written as

pj(λ, ttrue) =
e−ttrue/τj

2τj

[
1 + λ cos (∆mj ttrue)

]
, (6)

where τj and ∆mj are the lifetime and oscillation fre-
quency of b hadron source j (with the convention that
∆mj = 0 for B+ and Λb sources). The joint probability
distribution of the reconstructed proper time t and of λ is
obtained as the convolution of pj(λ, ttrue) with the resolu-
tion function rjl(t, ttrue) for the appropriate source j and
sample l (see Sect. 5.3):

hjl(λ, t) =
∫ ∞

0
rjl(t, ttrue) pj(λ, ttrue) dttrue (7)

For all other sources (i.e., cc̄ and combinatorial back-
ground), hjl(−1, t) = 0 since these sources are unmixed by
definition, and hjl(+1, t) are just the reconstructed proper
time distributions. For cc̄ background, these distributions
are determined from Monte Carlo samples; they are con-
sistent with the resolution function for zero-lifetime events
and are parametrized with the sum of two Gaussian func-
tions. The reconstructed proper time distributions of the
combinatorial background are determined from the data
events in the D−

s sidebands, separately for the tagged-as-
mixed and tagged-as-unmixed candidates. They are found
to be independent of the tagging result within the avail-
able statistics. These functions are parametrized as the
sum of two Gaussian functions centred at zero and the
convolution of an exponential function with a Gaussian
function. The exponential term is used to describe the
significant tails observed at positive proper times; these
tails are due to the inclusion of b hadron decay products
in the combinatorial D−

s candidates.
The likelihood function used in this analysis is based

on the values taken by three different variables in the se-
lected data events. These variables are the reconstructed
proper time t, the tagging result µ, taking the value −1
for events tagged as mixed or +1 for those tagged as un-
mixed, and the effective discriminating variable xeff . The
use of the discriminating variable xeff in this likelihood
function is reduced to the use of two sets of functions of
xeff , Xjkl(xeff) and Yjkl(xeff), whose values can be inter-
preted as event-by-event mistag probabilities and fractions
of the different D−

s sources respectively. The likelihood of
the total sample is written as

L = C

7 samples∏
l

5 classes∏
k

Nkl events∏
i

fkl(xeff
ikl, µikl, tikl) , (8)

where C is a constant independent of b oscillation frequen-
cies and lifetimes, Nkl is the number of selected candidates
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from sample l falling in tagging class k, and where

fkl(xeff , µ, t)

=
9 sources∑

j

Yjkl(xeff)
[(

1 − Xjkl(xeff)
)
hjl(µεj , t)

+Xjkl(xeff)hjl(−µεj , t)
]
. (9)

The quantity εj is equal to −1 if the D−
s is produced via

a virtual W− in source j, or +1 otherwise; it multiplies
µ in order to reverse the tag result for sources where the
initial state tag provided by the D−

s charge is wrong.
The event-by-event quantities Xjkl(xeff) and Yjkl(xeff)

are computed from the distributions Gc
jkl(x

eff) and mistag
probabilities ηjkl introduced in Sect. 6.2,

Xjkl(xeff) = ηjkl

G−
jkl(x

eff)
Gjkl(xeff)

,

Yjkl(xeff) = αjkl
Gjkl(xeff)∑

j′ αj′klGj′kl(xeff)
, (10)

where Gjkl(xeff) = (1−ηjkl)G+
jkl(x

eff)+ηjklG
−
jkl(x

eff) and
where αjkl are the source fractions, satisfying

∑
j αjkl = 1.

8 B0
s lifetime measurement

The B0
s lifetime τs is a parameter of the likelihood function

and can therefore be determined by minimizing the corre-
sponding negative log-likelihood. However, for the purpose
of this lifetime measurement for which the tagging infor-
mation is not important, anything related to the mistag
probability and the discriminating variable xeff is removed
from the likelihood function. This is done by setting, in the
probability density function of (9), Xjkl(xeff) to 1/2 and
Yjkl(xeff) to the fraction of source j in sample l averaged
over all tagging classes k.

Maximizing the modified likelihood with respect to the
B0

s lifetime yields τs = 1.47±0.14 ps. This measurement is
consistent, within the quoted statistical uncertainty, with
the world average of 1.61 ± 0.10 ps [19]. The proper time
distribution of the data sample is shown in Fig. 4, together
with the result of the fit.

The various systematic effects are related to under-
lying parameters which are held fixed in the lifetime fit.
Their corresponding contributions to the systematic un-
certainty on the B0

s lifetime are estimated by changing in
turn the values of the fixed parameters by ±1σ, where σ
is the uncertainty on the parameters (given in Table 3 for
the physics parameters). The different sources of system-
atic effects can be divided into the following categories:

– Combinatorial background: the fraction of com-
binatorial background is changed, independently for
each of the seven samples, by the uncertainty esti-
mated from the fit to the D−

s mass spectrum in the
data. In addition, the shape of the proper time dis-
tribution for the combinatorial background is varied
within the uncertainty of the parametrization.
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Fig. 4. Distribution of the measured proper time in the data.
The curves show the result of the lifetime fit and the contribu-
tions of the different components to the sample

– Reconstruction efficiencies: the estimated recon-
struction efficiencies are changed by their uncertain-
ties; this is done independently for each of the five D−

s
decay modes and separately for the b̄ → D−

s efficien-
cies, the b → D−

s efficiencies, and the c̄ → D−
s efficien-

cies.
– Proper time resolution and bias: various parame-

ters of the proper time resolution functions are varied,
as described in Sect. 5, including the fraction of pri-
mary vertex background, the decay length resolution,
the momentum resolution and bias.

– Analysis bias: to check for possible biases in the event
selection and in the convolution procedure, the analy-
sis is performed on a Monte Carlo sample of pure B0

s
decays generated with an input lifetime of 1.5 ps. The
fitted lifetime is τs = 1.512 ± 0.020 ps, consistent with
the input value. The statistical uncertainty of this re-
sult is taken as an upper limit on any possible bias.

– Fragmentation in b decays: the selection efficien-
cies estimated from the Monte Carlo are sensitive to
the momentum distribution of the b hadrons. The av-
erage fraction of the beam energy taken by the b had-
ron in the Monte Carlo is xE(MC) = 0.714±0.004; the
same quantity measured in the data is xE(ALEPH) =
0.715 ± 0.015 [30]. Using new efficiencies obtained by
rescaling the momenta of the b hadrons in the Monte
Carlo by the statistical uncertainty measured in the
data leads to a variation in the fitted B0

s lifetime of
∓0.028 ps [18].

– Other b hadron lifetimes: the B0
d, B+ and Λb life-

times are varied independently.
– Difference in decay width: possible decay width

differences, ∆Γs/Γs and ∆Γd/Γd, between the two mass



The ALEPH Collaboration: Study of B0
s oscillations and lifetime using fully reconstructed D−

s decays 381

Table 8. Contributions to the systematic uncertainty on the B0
s lifetime measurement. The

contributions associated with a physics parameter are given for the parameter variations
shown in Table 3 or in Section 8 with the appropriate sign correlation (± or ∓). The con-
tributions from B(b → c → `) and B(B0

d,B
+ → D−

s X)/B(B0
d,B

+ → D±
s X) are smaller than

0.0005 ps

Source of systematics ∆τs [ps] Source of systematics ∆τs [ps]

Comb. background fraction +0.018
−0.013 ∆Γs/Γs

−0.024
+0.000

Comb. background shape 0.036 Rb ∓0.001
Reconstruction efficiencies 0.008 fB0

s
±0.004

Proper time resolution 0.019 fB0
d

±0.001
Momentum bias 0.016 fΛb ±0.015
Analysis bias 0.020 Rc B(c̄ → D−

s ) ±0.026
b fragmentation ∓0.028 Rb fB0

s
B(B0

s → D−
s X) ∓0.010

B+ lifetime ∓0.020 Rb fB0
s
B(B0

s → D−
s `

+νX) ∓0.001
B0

d lifetime ∓0.021 B(B0
d,B

+ → D±
s X) ∓0.013

Λb lifetime ∓0.007 Quadratic sum of all contributions 0.076

eigenstates of the B0
s meson and the two

mass eigenstates of the B0
d meson have been neglected

in the likelihood fit. While ∆Γd/Γd is predicted to
be less than 1%, ∆Γs/Γs could indeed be significant
enough to bias the results. The measurement is there-
fore repeated with a modified likelihood assuming a
fixed value of ∆Γs/Γs = 0.27, equal to the theoretical
prediction of [29], ∆Γs/Γs = 0.16+0.11

−0.09, plus its quoted
positive uncertainty. The resulting lifetime measure-
ment is reduced by 0.024 ps compared to the nominal
measurement obtained with ∆Γs/Γs = 0. This shift is
taken as a systematic uncertainty.

– Branching ratios: the products Rb fB0
s
B(B0

s → D−
s X),

RbfB0
s
B(B0

s → D−
s `+νX) and RcB(→ c̄)D−

s are varied
independently; the quantities used to compute the back-
grounds from b → W− → D−

s decays or from direct
decays of non-B0

s b-hadrons, i.e., Rb, fB0
s
, fB0

d
, fΛb ,

B(B0
d → D±

s X), B(B0
d,B+ → D−

s X)/ B(B0
d,B+ → D±

s X)
and B(b → c → `), are varied separately.

All the contributions, shown by category in Table 8, are
added in quadrature to give a total systematic uncertainty
of ±0.08 ps.

9 B0
s oscillation results

Several published experimental results on B0
s mixing [4,5,

8] were obtained using a method where the log-likelihood
difference with respect to the minimum of −lnL is cali-
brated with fast Monte Carlo samples to get the correct
confidence level for excluding ∆ms values. For compari-
son, the results of this analysis are first presented using the
same likelihood method. However, the final results are ob-
tained here with a new method [31] inspired from Fourier
analysis, called the “amplitude method”, which is more
sensitive and has the advantage of allowing the outcome
of different analyses to be easily combined.
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Fig. 5. Negative log-likelihood difference with respect to the
minimum as a function of∆ms. The solid curve shows the data.
The dotted curve shows the fast Monte Carlo expectation for
∆mtrue

s = ∞. The dot-dashed (dashed) curve is the 95%CL
curve with (without) systematic effects included

9.1 Results with the likelihood method

The negative log-likelihood difference with respect to the
minimum is shown in Fig. 5 for the total data sample.
Minima occur at ∆ms = 5.7, 10.0 and 15.5 ps−1, but none
of them is significant enough to claim a measurement.

In order to exclude values of ∆ms, 95% CL curves
(shown also in Fig. 5) are determined from a large number
of statistically independent fast Monte Carlo experiments
generated at different true values of ∆ms, with the same
number of events in each sample and each tagging class
as observed in the data. The fast Monte Carlo generator
takes into account all the details on the sample composi-
tions, the resolution functions, the mistag rates, and the
distributions of xeff . Systematic effects are incorporated
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by varying (from one experiment to another) all the pa-
rameters used in the generation within their estimated
uncertainties. Using this fast Monte Carlo calibration, the
data exclude (at 95% CL) all values of ∆ms smaller than
3.7 ps−1 and in the range 7.0–7.4 ps−1.

A check has been made on fully simulated Monte Carlo
signal events that there is no bias, within the statistical
uncertainty, when fitting for ∆ms.

9.2 Amplitude method and sensitivity of the analysis

Rather than looking for an oscillation in the proper time
spectrum of the data sample, one can look for a peak in
a frequency spectrum. Following the method of [31], the
magnitude of B0

s proper time oscillations is measured at
fixed values of the frequency ∆ms, using a modified like-
lihood function that depends on a new parameter, the
oscillation amplitude A. For the present analysis, the re-
quired modification is to replace the probability density
function of the B0

s and B̄0
s sources given in (6) with

e−ttrue/τs

2τs

[
1 + λA cos (∆ms ttrue)

]
. (11)

For each value of ∆ms, the new negative log-likelihood is
minimized with respect to A, leaving all other parameters
(including ∆ms) fixed. The minimum is well behaved and
very close to parabolic. At each value of ∆ms one can thus
obtain a measurement of the amplitude with Gaussian er-
ror, A ± σstat

A . Each systematic effect considered in the
analysis is propagated to an additional uncertainty on the
measured amplitudes using the prescription given in [31].

If ∆ms = ∆mtrue
s , one expects A = 1 within the total

uncertainty σA; however, if ∆ms is far from its true value,
a measurement consistent with A = 0 is expected. A value
of ∆ms can be excluded at 95% CL if A+ ξσA ≤ 1, where
ξ = 1.645 satisfies

∫ ξ

−∞
1√
2π

e− 1
2 x2

dx = 95%. The lower
limit on ∆ms is defined as the highest value below which
all values of ∆ms are excluded at the specified confidence
level. If the true value of ∆ms is very high, one expects
A = 0, and all values of ∆ms such that ξσA(∆ms) < 1
are expected to be excluded at 95% CL. Because of the
proper time resolution, the quantity σA(∆ms) is an in-
creasing function of ∆ms (high frequencies are more diffi-
cult to observe), and one therefore expects to be able to ex-
clude individual ∆ms values up to ∆msens

s where ∆msens
s ,

called here the sensitivity of the analysis, is defined by
ξσA(∆msens

s ) = 1.
The consistency between the fast Monte Carlo genera-

tion and the expectations A = 0 and A = 1 for the fitted
amplitude has been checked. The average amplitude over
many fast Monte Carlo experiments is indeed found to be
consistent with unity for ∆ms = ∆mtrue

s and with zero for
any value of ∆ms if ∆mtrue

s = ∞.
The estimate σstat

A of the statistical uncertainty on the
amplitude can be checked by studying the distribution of
A/σstat

A for cases where A = 0 is expected. The mean
value and RMS of such a distribution obtained with fast
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Fig. 6. Distributions of the sensitivity and the 95%CL lower
limit on ∆ms obtained with the amplitude method in 300 fast
Monte Carlo experiments generated without systematics at
∆mtrue

s = ∞. The mean values are 4.9 and 2.7 ps−1 respec-
tively. The arrows indicate the values obtained in the data
(statistical uncertainties only)

Monte Carlo experiments generated with ∆mtrue
s = ∞ are

found to be consistent with 0 and 1.
The sensitivity (without the inclusion of systematic

uncertainties) is derived from each fast Monte Carlo ex-
periment generated with ∆mtrue

s = ∞; its distribution,
shown in Fig. 6, has a mean value of 4.9 ps−1 and an RMS
spread of 0.3 ps−1. The distribution of the lower limits set
in the same experiments, also shown in Fig. 6, is broad
and has a median value of 2.5 ps−1.

9.3 Results with the amplitude method

The systematic uncertainty on the B0
s oscillation ampli-

tude A is estimated using a similar procedure as for the B0
s

lifetime measurement, described in Sect. 8. This includes
also the variation of the B0

s lifetime and the B0
d oscillation

frequency. In contrast to the B0
s lifetime analysis, vary-

ing the b hadron lifetimes and the parametrizations of the
proper time distributions of the combinatorial background
within their uncertainties has very little effect.

Additional systematic uncertainties due to the tag-
ging and discrimination are estimated by implementing
the best case and worst case scenarios, described in
Sect. 6.3; in addition, all the class mistag probabilities are
varied by their Monte Carlo statistical uncertainties, in-
dependently in each tagging class.

The amplitude results are summarized in Table 9 and
displayed in Fig. 7a as a function of ∆ms. As for the
likelihood method, no significant oscillation signal can be
claimed. All values of ∆ms below 3.9 ps−1, and between
6.5 and 8.8 ps−1, are excluded at 95% CL. The sensitivity,
estimated from the data, is 4.1 ps−1.

Without the systematic uncertainties, the lower limit
and sensitivity from the data would be 4.0 and 4.7 ps−1,
respectively. If one assumes that ∆mtrue

s is very large,
these results can be compared with the fast Monte Carlo
distributions of Fig. 6. The lower limit from the data is
higher than the expectation, but still quite probable since
22% of fast Monte Carlo experiments give a limit above
the one set in the data. The sensitivity estimated from the
data is within one standard deviation of the Monte Carlo
expectation.
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Table 9. Measurements of the B0
s oscillation amplitude A obtained in this analysis at dif-

ferent values of ∆ms, together with the statistical uncertainty σstat
A and the total systematic

uncertainty σsyst
A ; a breakdown of σsyst

A in several categories of systematic effects is also given

∆ms [ps−1] 0.00 2.00 4.00 6.00 8.00 10.00

A −0.03 −0.52 +0.13 +0.46 −1.31 +1.22
σstat

A ±0.24 ±0.41 ±0.56 ±0.70 ±0.99 ±1.50
σsyst

A ± 0.23
0.35 ±0.17 ± 0.22

0.33 ±0.29 ±0.25 ± 0.46
0.72

Systematic contributions:
– combinatorial background ±0.01 ±0.01 ± 0.12

0.08 ± 0.18
0.12 ± 0.11

0.06 ± 0.11
0.27

– reconstruction efficiencies ± 0.11
0.30 ± 0.05

0.12 ± 0.10
0.24 ± 0.05

0.22 ±0.19 ± 0.30
0.62

– time resolution and bias ±0.00 ±0.01 ±0.04 ±0.08 ±0.04 ±0.05
– tagging and discrimination ±0.04 ± 0.12

0.07 ± 0.08
0.18 ± 0.20

0.06 ± 0.05
0.12 ± 0.21

0.12

– b-fragmentation ±0.02 ±0.04 ±0.04 ±0.04 ±0.05 ± 0.10
0.09

– b-lifetimes, ∆md, ∆Γs/Γs ±0.01 ±0.00 ±0.02 ±0.02 ±0.03 ±0.06
– branching ratios (signal) ± 0.14

0.11 ± 0.09
0.07 ± 0.09

0.07 ±0.01 ± 0.07
0.06 ± 0.21

0.16
– branching ratios (background) ±0.12 ±0.04 ±0.04 ±0.04 ±0.04 ±0.09
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Fig. 7. Measured amplitude as a function of ∆ms for a) this
analysis, b) the D−

s -lepton analysis [5] and c) the combination
of the two analyses. The error bars represent the 1σ total un-
certainties, and the shaded bands show the one-sided 95%CL
contour, with and without systematic effects included

As a check, a straight line fit of the amplitude plot in
the data (Fig. 7a) is performed, taking into account the
statistical correlations between the measurements at dif-
ferent values of ∆ms which are modelled with a simple

Breit-Wigner function with width Γs = 1/τs [31]. The av-
erage amplitude, in the range 0 ≤ ∆ms ≤ 15 ps−1, is found
to be −0.11±0.18, consistent with zero within the quoted
statistical uncertainty, as expected for no significant sig-
nal.

10 Combination with D−
s -lepton results

The ALEPH D−
s -lepton analysis [5] yields τs = 1.54+0.14

−0.13
(stat) ± 0.04(syst) ps and, using the likelihood method re-
ferred to the minimum, ∆ms > 6.6 ps−1 at 95% CL. The
same analysis is repeated using the amplitude method.
The resulting amplitude plot is shown in Fig. 7b, from
which all values of ∆ms below 6.8 ps−1 are excluded at
95% CL. The systematic uncertainty on the amplitude mea-
surements is small, as can be seen from Table 10.

At each value of ∆ms the B0
s oscillation amplitudes

measured in the two analyses can be combined using a
standard averaging procedure. The following sources of
systematic uncertainty are common and therefore treated
as fully correlated: the values assumed for fB0

s
, fB0

d
, ∆md

and the various b hadron lifetimes, the decay length resolu-
tion bias in the Monte Carlo simulation SMC, the mistag
probabilities, and the use of the effective discriminating
variable. Since the physics parameters assumed in the two
analyses are slightly different, the D−

s -lepton results are
adjusted to the more recent set of physics parameters
listed in Table 3 before averaging. The combined ampli-
tude results are listed in Table 11 and displayed in Fig. 7c.
No B0

s oscillation signal is seen and all values of ∆ms below
7.9 ps−1 are excluded at 95% CL. The combined sensitiv-
ity is 8.4 ps−1.

Combining the B0
s lifetime results of the two analyses

yields τs = 1.51 ± 0.11 ps.
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Table 10. Measurements of the B0
s oscillation amplitude A obtained in the D−

s -lepton
analysis [5] at different values of ∆ms, together with the statistical uncertainty σstat

A
and the total systematic uncertainty σsyst

A ; a breakdown of σsyst
A in several categories of

systematic effects is also given

∆ms [ps−1] 0.00 2.00 4.00 6.00 8.00 10.00

A +0.07 −0.43 +0.03 −0.54 +0.75 +0.20
σstat

A ±0.18 ±0.28 ±0.36 ±0.49 ±0.67 ±0.81
σsyst

A ± 0.11
0.16 ± 0.11

0.16 ± 0.05
0.12 ±0.11 ± 0.07

0.14 ± 0.38
0.27

Systematic contributions:
– combinatorial background ±0.01 ±0.02 ± 0.00

0.03 ± 0.00
0.03 ± 0.00

0.03 ±0.01
– time resolution and bias ± 0.02

0.00 ± 0.01
0.03 ± 0.04

0.08 ± 0.08
0.09 ± 0.05

0.10 ± 0.13
0.15

– tagging and discrimination ± 0.11
0.10 ± 0.11

0.15 ± 0.03
0.08 ± 0.07

0.03 ± 0.04
0.09 ± 0.36

0.22

– b-lifetimes, ∆md ± 0.01
0.00 ±0.00 ±0.01 ±0.01 ±0.02 ± 0.00

0.01

– b-hadron fractions ± 0.01
0.12 ± 0.00

0.04 ± 0.00
0.03 ± 0.00

0.03 ± 0.00
0.03 ± 0.00

0.02

Table 11. Combined measurements of the B0
s oscillation amplitude A as a function of ∆ms (in

ps−1), together with the statistical uncertainty σstat
A and the total systematic uncertainty σsyst

A .
Measurements at two neighbouring values of ∆ms are strongly correlated

∆ms A ±σstat
A ±σsyst

A ∆ms A ±σstat
A ±σsyst

A ∆ms A ±σstat
A ±σsyst

A

0.00 −0.01 ± 0.14 ± 0.14 5.00 −0.19 ± 0.37 ± 0.14 10.00 +0.41 ± 0.71 ± 0.31
0.25 +0.03 ± 0.16 ± 0.14 5.25 −0.18 ± 0.38 ± 0.14 10.25 +0.34 ± 0.75 ± 0.35
0.50 +0.08 ± 0.19 ± 0.16 5.50 −0.17 ± 0.38 ± 0.13 10.50 +0.32 ± 0.78 ± 0.38
0.75 +0.12 ± 0.20 ± 0.13 5.75 −0.19 ± 0.39 ± 0.13 10.75 +0.35 ± 0.83 ± 0.41
1.00 +0.09 ± 0.21 ± 0.11 6.00 −0.24 ± 0.40 ± 0.13 11.00 +0.42 ± 0.85 ± 0.42
1.25 −0.06 ± 0.22 ± 0.09 6.25 −0.29 ± 0.42 ± 0.14 11.25 +0.53 ± 0.88 ± 0.43
1.50 −0.25 ± 0.22 ± 0.09 6.50 −0.30 ± 0.45 ± 0.14 11.50 +0.64 ± 0.92 ± 0.43
1.75 −0.37 ± 0.23 ± 0.11 6.75 −0.30 ± 0.47 ± 0.13 11.75 +0.74 ± 0.96 ± 0.42
2.00 −0.47 ± 0.23 ± 0.12 7.00 −0.27 ± 0.48 ± 0.12 12.00 +0.81 ± 1.01 ± 0.41
2.25 −0.50 ± 0.25 ± 0.12 7.25 −0.20 ± 0.49 ± 0.10 12.25 +0.87 ± 1.06 ± 0.40
2.50 −0.44 ± 0.27 ± 0.13 7.50 −0.10 ± 0.51 ± 0.10 12.50 +0.95 ± 1.11 ± 0.38
2.75 −0.33 ± 0.29 ± 0.15 7.75 +0.01 ± 0.53 ± 0.12 12.75 +1.04 ± 1.15 ± 0.38
3.00 −0.26 ± 0.30 ± 0.16 8.00 +0.11 ± 0.55 ± 0.12 13.00 +1.15 ± 1.19 ± 0.38
3.25 −0.14 ± 0.30 ± 0.16 8.25 +0.16 ± 0.58 ± 0.13 13.25 +1.26 ± 1.23 ± 0.39
3.50 +0.01 ± 0.29 ± 0.14 8.50 +0.18 ± 0.61 ± 0.14 13.50 +1.38 ± 1.26 ± 0.40
3.75 +0.08 ± 0.29 ± 0.12 8.75 +0.26 ± 0.63 ± 0.17 13.75 +1.49 ± 1.30 ± 0.42
4.00 +0.05 ± 0.30 ± 0.11 9.00 +0.37 ± 0.64 ± 0.20 14.00 +1.60 ± 1.35 ± 0.44
4.25 −0.03 ± 0.31 ± 0.11 9.25 +0.46 ± 0.65 ± 0.23 14.25 +1.70 ± 1.39 ± 0.47
4.50 −0.10 ± 0.33 ± 0.12 9.50 +0.50 ± 0.66 ± 0.26 14.50 +1.80 ± 1.45 ± 0.49
4.75 −0.16 ± 0.35 ± 0.13 9.75 +0.47 ± 0.68 ± 0.28 14.75 +1.90 ± 1.50 ± 0.51

15.00 +1.99 ± 1.56 ± 0.53

11 Conclusion

From a sample of 1620 B0
s candidates with a purity of

22%, all values of ∆ms below 3.9 ps−1 and between 6.5
and 8.8 ps−1 are excluded at 95% CL using the amplitude
method. This is the first time that non-leptonic B0

s →
D−

s + X decays are used to search for B0
s oscillations.

With the same sample, the B0
s lifetime is measured to

be 1.47±0.14(stat)±0.08(syst) ps, superseding the previ-
ous measurement [16] obtained using D−

s –hadron correla-
tions recorded from 1991 to 1993. This new measurement
is more accurate than any other single published mea-
surement [32–34], except for the ALEPH result based on
D−

s -lepton events [5].

This analysis is statistically independent of the ALEPH
D−

s -lepton analysis [5]. Taking into account the correlated
systematic uncertainties, the combined ALEPH results are

∆ms > 7.9 ps−1 at 95% CL

and
τs = 1.51 ± 0.11 ps ,

based on a total of 1897 B0
s → D−

s + X candidates with
an average purity of 28%. The combined ∆ms analysis
presented here is more sensitive than previously published
analyses [3,4,7,8], and also yields the highest 95% CL lower
limit on the B0

s − B̄0
s oscillation frequency.
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