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Abstract

The lifetime of the B0
s has been measured in a data sample of 889,000 hadronic

events recorded with the ALEPH detector at LEP. After background subtraction

30:8 � 6:9 events are attributed to the semileptonic decay of the B0
s to a D�

s and
an opposite-sign lepton. A maximum-likelihood �t to the distribution of the proper
times of these events yields a B0

s lifetime of :

�Bs = 1:92+0:45
�0:35 � 0:04 ps:
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1 Introduction

Measurements of the individual lifetimes of the b hadrons enable quantitative testing

of the importance of non-spectator contributions, Pauli exclusion e�ects and �nal state

interactions in b hadron decays. For charmed hadrons such e�ects have been observed

to be large (e.g. �D+=�D0 = 2:54� 0:07 [1]). In the case of b hadrons, due to the larger

mass of the b quark, lifetime di�erences up to 15% � 20% between the b hadrons are

expected [2, 3].

The B0
s has been observed via its semileptonic decays [4, 5, 6] and its mass has

been precisely measured in a small number of fully reconstructed hadronic decays

[7, 8]. The technique used in this measurement of the B0
s lifetime is based on three-

dimensional vertexing of the fully reconstructed D�

s and the lepton originating from

the B0
s ! D�

s l
+� semileptonic decay1.

The following sections describe the ALEPH detector, the selection of the events,

the measurement of the decay length, the procedure of estimating the boost in the
presence of the neutrino, the �tting method and �nally results and systematic errors.

2 The ALEPH Detector and Lepton Identi�cation

The ALEPH detector is described in detail in reference [9]. Only a brief description of

the apparatus is given here.
Charged particles are tracked with three devices inside a superconducting solenoid

providing an axial �eld of 1.5 T. Closest to the beampipe is the vertex detector
(VDET) [10], installed in 1991, which consists of silicon wafers with strip readout in two
dimensions, arranged in two cylindrical layers at average radii of 6.3 and 10.8 cm. This
detector covers an angular range down to j cos �j < 0.85 for the inner layer only and

j cos �j < 0.69 with both layers. The point resolution is 12 �m at normal incidence in the

r� and rz dimensions. Surrounding the VDET is the inner tracking chamber (ITC),
a drift chamber giving up to eight measurements in the r� dimension. Outside the
ITC, the time projection chamber (TPC) provides up to 21 space points for j cos �j <

0.79, and a decreasing number for smaller angles, with four points at j cos �j = 0.96.

With this combined system a momentum resolution of �p=p = 0:0006 p (GeV=c)�1

is obtained for 45 GeV/c muons. The TPC also provides up to 330 measurements
of the speci�c ionization of each charged track, with a measured dE/dx resolution of
4:5% for Bhabba electrons having 330 ionization samples. For charged particles with

momenta above 3 GeV/c, the (60% truncated) mean speci�c ionization of pions and

that of kaons are typically separated by two standard deviations.
Lepton identi�cation in ALEPH is described in detail elsewhere [11]. Electrons are

identi�ed using the electromagnetic calorimeter (ECAL) and the TPC. The ECAL is a
lead wire-chamber sandwich operated in proportional mode with cathode-pads readout

in 0:8� � 0:8� projective towers segmented in three longitudinal stacks. Electrons are

identi�ed by comparing the momentummeasured in the TPC with the energy measured
in the four ECAL towers closest to the track extrapolation, by checking the consistency

1Charge conjugate reactions are implied throughout this letter.
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of the depth of the ECAL shower with that expected for an electron, and by rejecting

particles with a mean speci�c ionization more than 2.5 standard deviations below the

expectation for an electron. Electron candidates identi�ed as coming from photon

conversions using the algorithm described in reference [11] are rejected.

Muons are identi�ed using the hadron calorimeter (HCAL) and the muon chambers.

The HCAL is composed of the iron of the magnet return yoke interleaved with 23

layers of streamer tubes. The readout of the HCAL consists of strips with a pitch of

1 cm which are used for the muon tracking, and 3� � 3� projective towers used for

the hadronic energy measurement. The muon chambers surround the HCAL after a

total of 7.5 interaction lengths of material and consist of four layers of streamer tubes,

which provide three dimensional information on the position of a hit. For this analysis,

muon candidates are accepted if they have a hit pattern characteristic of a penetrating

particle in the HCAL or if they have at least two associated hits in the muon chambers.

3 Event Selection and Backgrounds

The B0
s is isolated using the following decays (�gure 1):

B0
s �! D�

s `
+�

j�! ���

j�! K+K�

and
B0
s �! D�

s `
+�

j�! K�0K�

j�! K+��

where the lepton is an identi�ed electron or a muon and is required to have a momentum

greater than 3 GeV/c. The �� and the K� coming directly from the D�

s decay are
referred to as `bachelor' particles to distinguish them from those of the K�0 and �

decays.

A total of 889,000 hadronic Z decays recorded in 1991 and 1992 are used in this
analysis. The D�

s `
+ selection is similar to that used in a previous letter [5] with the

addition of requirements on the track quality and vertexing needed for the decay length

measurement.

Each event is divided into two hemispheres separated by the plane perpendicular
to the thrust axis. Candidates for decay of the D�

s into ��� or K�0K� are formed by
combining three charged tracks with momenta above 1 GeV/c in the same hemisphere.
As backgrounds are higher in the D�

s ! K�K� case, the bachelor kaon momentum

is required to be greater than 2 GeV/c. Out of these three tracks, a neutral pair is

required to be consistent with a � or a K�0 by demanding either the K+K� mass to

be within �9 MeV/c2 of the � mass or the K+�� mass to be within �50 MeV/c2 of
the K�0(892) mass. The � or K�0 momentum has to be greater than 4 GeV/c and

the D�

s energy greater than 15% of the beam energy. In addition the KK�l mass is

required to be greater than 3 GeV/c2. These requirements reduce the combinatorial

background from low-momentum fragmentation tracks, reduce physics backgrounds

5



from non-B0
s sources and restrict the candidate tracks to a momentum range where the

�=K-separation from the TPC dE/dx measurement is at the two standard deviation

level. When ionization information is available, kaon candidates are required to ful�l

�K < 1���, where �H is the di�erence between the measured and expected ionization

expressed in terms of standard deviations for mass hypothesis H. Compared to the

usual two standard deviation cut on �K this cut improves the pion rejection by a

factor 1.5 with only a 4% loss of e�ciency. For the bachelor kaon from the K�K�

decay the combination is rejected if ionization information is not available (18% of the

cases).

Further background reduction is obtained by using the angular distributions in the

subsequent decay chain. As the D�

s is spinless, its decay is expected to be isotropic,

whereas the background, consisting of more asymmetric random track combinations,

gives a decay angular distribution peaking in the forward and backward directions.

The cosine of the decay angle in the D�

s centre-of-mass frame jcos��(�)j or jcos��(K�)j

is thus required to be less than 0.8. As the D�

s decays to a vector (� or K�0) and
a pseudoscalar (�� or K�), the subsequent decay of the vector to two pseudoscalars
(KK or K�) will have a cos2�� distribution, where �� is the centre-of-mass decay angle

of the vector particle relative to its line of 
ight. In contrast, the background measured
in data is observed to be uniform. A cut at jcos��(K=�)j and jcos��(K=K�)j greater
than 0.5 is 88% e�cient for the signal, while removing half of the background.

In order to ensure good vertex reconstruction and to reduce the non-Gaussian tails
in the decay-length measurement, the lepton track and at least two of the tracks from

the D�

s decay are required to have one or more associated vertex detector hits. The
�2 probability of the three tracks forming the D�

s candidate to come from a single
three-dimensional vertex is required to be greater than 1%. The same requirement is
also made on the �2 probability of the D�

s and the lepton to form a single vertex.
Figure 2 shows the histogram of the KK� e�ective mass for the opposite-sign and

same-sign Ds` correlations summed over the ��� and K�0K� channels. A clear peak
at a mass of 1:9677 � 0:0015 GeV/c2, consistent with the D�

s , can be seen in the

opposite-sign correlation plot. In the same-sign plot no such peak is observed. Within

�15 MeV/c2 of the D�

s mass, 47 events (16 in the ��� channel and 31 in the K�0K�

channel) are found and used for the lifetime measurement.

A source of background which is expected to show a structure in the mass
distribution around the D�

s mass in the K�0K� channel, is the re
ection of the

D� ! K�0�� decay due to misidenti�cation of the �� as a K�. In this case the D� is

produced in association with an opposite-sign lepton in the decay B ! D�X`+�. This
background is estimated to be 0:5�0:2 events, using BR(B ! D�X`+�) = (4:0�0:6)%
and the e�ciencies obtained from the Monte Carlo simulation. As a check, the rate for

D� is also obtained from the 5� 3 events observed in the D� region of the KK� mass

distribution due to the Cabibbo-suppressed decay modes D� ! ��� or K�0K�.

Correcting this number by the appropriate branching ratios and relative e�ciencies
leads to an estimate of 0:5 � 0:3 events re
ecting as Ds ! K�K, in agreement with

the previous estimate.

The combinatorial background under the peak is estimated by �tting a polynomial

to the side bands of the opposite-sign correlation mass distribution between 1.7 and

6



Component Number of Events

Observed events 47

Combinatorial background 11:9� 0:9

DsD background 3:8� 0:6

Re
ection background 0:5� 0:2

Total background 16:2� 1:1

Signal 30:8� 6:9

Table 1: Signal and background estimates within �15 MeV/c2 of the D�

s mass.

2.2 GeV/c2. The mass regions m(D+) � 20 MeV/c2 and 1.94 GeV/c2 < m(KK�) <

2:02 GeV/c2 are excluded from the side bands in order to avoid regions where the D�

signal and its re
ection are expected. The estimated background is 11:9 � 0:9 events

(3.5 in the ��� channel and 8.5 in the K�0K� channel).
Genuine D�

s s from non-B0
s sources can also lead to an opposite-sign D�

s `
+

correlation. These backgrounds have been discussed in detail in reference [5] and are
brie
y summarized here.

�B ! D(�)�
s D(�)X; D(�)

! `+�X (1)

B ! D(�)�
s Xs`

+� (2)

Process (1) is the decay of Bd or Bu into states containing two charmed particles.
Using the measurement of the product branching ratio BR(B ! DsX)BR(Ds !

��) = (3:0�0:34)�10�3 averaged from references [12] and [13], semileptonic branching

ratios of D+ and D0 from [1] and e�ciencies obtained from Monte Carlo simulation

of the �� and the K�0K channels, a total of 3:8 � 0:6 events are expected in the �nal
sample. Process (2) is the semileptonic decay of a non-strange B meson to a hadronic
system including a Ds and a hadronic systemXs carrying opposite strangeness. To date

this decay has not been observed [14], but a theoretical analysis [15] yields the limit

BR(Bd; B
+ ! DsXs`�) < 0:025�BR(Bd ! X`�). As this background is expected to

be very small, it is not explicitly included in the lifetime �t. The e�ect of its possible
presence is taken into account in the systematic error. Table 1 summarizes the signal
and background estimates for the B0

s selection.

4 Proper-Time Measurement

The proper time (t) and its error are obtained for each event from the decay length (l)

and momentum (pBs) of the B
0
s candidate using t = lmBs

pBsc
where mBs is the B

0
s mass.

The decay length is calculated by projecting the vector joining the interaction point

and the B0
s decay vertex onto the B0

s 
ight direction as estimated from the Ds-lepton
system [16].
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The method used to reconstruct the event-by-event interaction point is made

insensitive to the lifetime information of the tracks by projecting them onto the plane

perpendicular to the jet to which they belong and combines this with the envelope

of the luminous region. The centre of the luminous region is periodically determined

from hadronic events reconstructed and analysed over 75 successive events. Using

this algorithm on simulated b�b events the average resolution on the position of the

interaction point projected along the sphericity axis of the event is 85 �m.

The position of the B0
s vertex is measured in three dimensions by �rst vertexing

the three charged tracks from the decay of the D�

s and then extrapolating the D�

s

track to its intersection with the lepton as shown in �gure 1. The resolutions along

the direction of 
ight obtained in simulated events are 320 �m for the D�

s vertex and

210 �m for the B0
s vertex.

The error on the decay length is calculated for each event from the tracking and

vertexing errors. To determine how well this error and thus the proper time uncertainty

is estimated, a resolution function is formed using the Monte Carlo simulation by
�tting with a Gaussian the distribution of the di�erence between the reconstructed
and true decay length divided by the uncertainty on the reconstructed decay length.

This distribution is centred at zero and is well represented by a single Gaussian of
sigma S = 1:21� 0:05, indicating that the decay length uncertainty is underestimated.
To take this into account in the lifetime �t, the calculated decay length error is scaled
by S. Possible di�erences between Monte Carlo and real data for this quantity are
considered in the systematic error.

The B0
s momentum is calculated as

p2Bs
= (EDs + E` + E�)

2 �m2
Bs
;

where EDs and E` are the measured energies of the D�

s and the lepton respectively.
The neutrino energy (E�) is estimated using a missing energy technique. It is given by

E� = Etot � Evis;

where Etot and Evis are the total and visible energies in the same hemisphere as

the B0
s candidate. The visible energy is obtained by summing the energies of the

charged particles measured by the tracking detectors and the photons measured by the

electromagnetic calorimeter. The small contribution from the neutral hadronic energy,

which has a large measurement uncertainty, is not included. Using four-momentum
conservation the total energy in the hemisphere is given by

Etot = Ebeam +
m2

same �m2
opp

4Ebeam

where Ebeam is the beam energy and the hemisphere masses on the same side (msame)
and opposite side (mopp) of the B0

s candidate are calculated using the momenta of

the photons and charged tracks measured in the appropriate hemisphere. Monte Carlo

simulation shows that the addition of the hemisphere mass correction term to the beam

energy improves the resolution on Etot from 2.5 GeV to 1.3 GeV and yields a resolution
on the neutrino energy of 2.8 GeV.
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The �nal resolution obtained for the B0
s momentum using this method is displayed

in �gure 3 which shows the distribution of the ratio (�) of the reconstructed B0
s

momentum divided by the true B0
s momentum for simulated B0

s events. The presence

of D�

s originating from a D��

s with the emission of a soft photon is included in Monte

Carlo simulation assuming a value of 3.0 for the ratio
BR(Bs!D�

s l�)

BR(Bs!Dsl�)
. The mean of the

� distribution is 1.05 and the r.m.s is 11:5% with about 85% of the events contained

within a Gaussian core of sigma 5%. To correct for the shift from 1.0 and the non-

Gaussian tail in this distribution, mainly due to energy losses, the � distribution is

used in the �tting procedure.

5 Fitting Procedure

The B0
s lifetime and the proper-time structure of the combinatorial background are

�tted simultaneously to the events in the peak and the side bands by maximizing the
following unbinned likelihood function:

L =

npeakY

i=1

Ppeak(ti; S�ti)
nsideY

j=1

Pcomb(tj; S�tj)

where ti and �ti are the measured proper time and its error for event i. The proper-time
probability distribution of the events in the peak consists of four components

Ppeak = fsigPsig + fcombPcomb + fDsDPDsD + freflPrefl

Here:

� The probability density function Psig of theB
0
s signal is taken to be an exponential

of lifetime �Bs convoluted with a Gaussian resolution function (G(S�t)) whose
width is determined by the event-by-event error on the proper time �t scaled by

the correction factor S discussed previously. The � distribution is also numerically
convoluted.

Psig = G(S�t)
 exp(t; �Bs)
 �:

� The probability density function Pcomb of the combinatorial background is

parametrized from the data by a �t to the side bands and is given by:

Pcomb = f0G(S�t) + f1G(S�t)
 exp(t; �1) + (1 � f0 � f1)G(S�t)
 exp(t; �2):

It consists of three components; a fraction f0 of prompt (zero lifetime) background
which is just the Gaussian resolution function and fractions f1 and 1� f0� f1 of

two exponentials having lifetimes �1, �2 each convoluted with the same Gaussian
resolution function.

� The probability density function PDsD of the DsD background is taken to be an

exponential of lifetime �DsD convoluted with the Gaussian resolution function.

PDsD = G(S�t)
 exp(t; �DsD):
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As �DsD cannot be measured in the data it is taken from a �t to the proper-

time distribution observed in a Monte Carlo simulation of B ! DsDX events

generated with the average b hadron lifetime (1.5 ps). After applying all the

selection criteria this value is found to be �DsD = 2:03+0:12
�0:11 ps. This e�ective

lifetime is somewhat longer than the average b lifetime mainly because the boost

is underestimated for these events. The error includes a variation range from 0.5

to 1.7 for the ratio of D0 to D+ yields in B ! DsDX decays, where the D is

either a D0 or a D+ which decays semileptonically.

� The probability density function Prefl of the re
ection background is taken to be

an exponential of lifetime �refl convoluted with the Gaussian resolution function

and the � distribution.

Prefl = G(S�t)
 exp(t; �refl)
 �:

The value of �refl is set to the average b hadron lifetime of 1.5 ps.

To improve the statistical error on the background parametrization coming from the
side band events, the same-sign correlation events are also included in the \side band"
sample. As the likelihoods for the peak and \side bands" are maximized simultaneously,
the statistical error on the lifetimes of the combinatorial background is included in the
statistical error of �Bs.

The relative fractions of the signal (fsig) and the backgrounds (fcomb, fDsD and frefl)

are �xed in the �t and are taken from table 1. The free parameters in the �t are thus
the B0

s lifetime (�Bs) and the shape of the combinatorial background as parametrized
by f0; f1,�1 and �2.

6 Results of the Lifetime Fits

Figure 4a shows the proper time distribution of the events in the signal mass region
of the opposite sign correlation events and the result of the lifetime �t. The �tted B0

s

lifetime is

�Bs = 1:92+0:45
�0:35 ps

where the error is statistical only. Figure 4b shows the proper time distribution of the
events in the \side band" mass regions and the result of the lifetime �t. The various
contributions to the systematic errors for the B0

s lifetime are summarized in table 2.

Although the scaling factor S for the decay length error cannot be directly measured
in real data for the exact decay topology used in this analysis, a check on the accuracy of

the Monte Carlo to reproduce the data is possible using a \pseudo" resolution function
constructed from the data by selecting events unlikely to have a secondary vertex in

one hemisphere and then measuring the apparent decay length observed in the other

hemisphere. To select these uds enriched events the hemisphere b tag described in
reference [17] is used in veto mode and fake D�

s `
+ combinations are formed in the

opposite hemisphere using the same selection criteria as for the B0
s except that no

lepton identi�cation is required. The sigma of a Gaussian �t to the negative side of

10



Source of Systematic Error Value (ps)

Uncertainty in tracking errors (S) �0:02

Combinatorial background �0:02

DsD background �0:02

DsXsl� background +0:01
�0:00

Hadronic neutral energy �0:02

Higher mass c�s states �0:01

Total in quadrature �0:04

Table 2: Summary of systematic errors for the B0
s lifetime.

the distribution of the measured decay length divided by its uncertainty is an estimate

of S and yields a value of 1:20� 0:06. A similar procedure performed on Monte Carlo

q�q events yields a value 1:15 � 0:04 indicating good agreement between the Monte
Carlo and data for this quantity. For the possible systematic error coming from the

uncertainty on the knowledge of S, it is varied �10% about the value of 1.21 obtained
in the Monte Carlo simulation of the signal events, leading to a change of �0:01 ps
in the B0

s lifetime. To take into account the e�ect of possible tails in the resolution
function this error is increased to �0:02 ps.

To estimate the systematic error from the parametrization of the proper-time

distribution of the combinatorial background an alternative parametrization consisting
of a single exponential was used. This yielded a lifetime change of �0:02 ps. Varying
the estimate of the number of combinatorial background events within the statistical
error coming from the mass �t changed the lifetime of the B0

s by �0:02 ps. This latter
error is added in quadrature to the statistical error.

Varying the size of the DsD background and its e�ective lifetime within their

uncertainties changed �Bs by �0:02 ps. Taking the maximum theoretical limit for the
branching ratio B ! DsXsl� and the e�ciency measured in a Monte Carlo simulation
of this decay, a maximum of 1.3 events (95% con�dence limit) arising from this process

may be present in the sample. Using an e�ective lifetime of 1:65� 0:24 ps obtained for

these events in the simulation, the e�ect on the B0
s lifetime is �0:01 ps.

The neglect of the neutral hadronic energy in the estimate of the missing energy, as

well as being partly responsible for the tail of the � distribution (�gure 3), introduces
a systematic error in the neutrino energy measurement. To estimate this e�ect, the

relative fraction of the tail was varied by �20%. This is a conservative upper limit on
the uncertainty on the fraction of neutral hadronic energy in a hemisphere containing

a high energy D�

s and a lepton. It produces a variation of �0:02 ps in the B0
s lifetime.

The e�ect of B0
s decays to higher mass charm-strange states was investigated and

estimated to contribute a systematic error of �0:01 ps. With the inclusion of the
neutrino in the momentum estimate the sensitivity of the lifetimes to the assumed

fragmentation and decay models is negligible. As the B0
s mass is well measured the

systematic error from this source is also negligible.
To investigate the interpretation of the �nal error coming from the �t, 20,000

11



Monte Carlo experiments were produced with signal and background events generated

according to the proper time distributions and number of events measured in this

experiment. In these Monte Carlo experiments the total number of events in the signal

peak was �xed to 47 and the number of background events allowed to vary within its

statistical error according to a Poisson distribution. The bias on the lifetime arising

from the use of the maximum likelihood method on a small statistical sample was found

to be negligible and 69% of the experiments were found to be within one sigma of the

error given by the �t. This study also shows that, if the true B0
s lifetime is 1.5 ps, the

probability of measuring 1.92 ps or larger is 11%.

As a further consistency check, the lifetime of the D�

s meson within the B0
s sample

was also measured. The D�

s decay length is calculated as the distance between the

B0
s and D�

s vertices. Using the same �tting method as described previously, except

for the removal of the � convolution, the maximum-likelihood �t to the data yields

�Ds = 0:54+0:13�0:10 ps in agreement with the world average value of �Ds = 0:45 � 0:03 ps

[1].

7 Conclusions

From a data sample of 889,000 hadronic Z events recorded with the ALEPH detector
at LEP, 30:8 � 6:9 events are attributed to the semileptonic decay of the B0

s to a D�

s

and an opposite-sign lepton. The proper times of these events are measured from their

three-dimensional decay length and their relativistic boost estimated using a missing
energy technique to account for the neutrino energy. A maximum-likelihood �t to the
distribution of these proper times yields a B0

s lifetime of :

�Bs = 1:92+0:45
�0:35 � 0:04 ps:

This result is consistent with the B0
s lifetimes measured by the OPAL [18] and DELPHI

collaborations [19] of 1:13+0:35�0:26 � 0:09 ps and 0:96 � 0:37 ps respectively. It is also

consistent with the average b lifetime of �b = 1:49 � 0:03 � 0:06 ps measured by the

ALEPH collaboration [20].
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Figure 1: Typical decay topology of the events used for the B0
s lifetime measurement.

14



Figure 2: The KK� e�ective mass for (a) opposite-sign and (b) same-sign Ds lepton
correlation. The solid curve is a �t of the sum of a polynominal and two Gaussians at

the D� and D�

s masses with the expected resolution.
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Figure 3: The distribution of the ratio of the reconstructed Dsl� momentum to the

true Bs momentum as obtained from Monte Carlo simulation.
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Figure 4: Result of the maximum likelihood �t to the proper-time distribution of (a)
the D�

s mass region of the opposite-sign D�

s l
+ correlation events and (b) the side bands

of the opposite-sign D�

s l
+ and all of the same-sign D�

s l
� correlation events.
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