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Abstract

In a data sample of about four million hadronic Z decays recorded with the
ALEPH detector from 1991 to 1995, the B0

s → D
(∗)+
s D

(∗)−
s decay is observed, based

on tagging the final state with two φ mesons in the same hemisphere. The D
(∗)+
s D

(∗)−
s

final state is mostly CP even and corresponds to the short-lived B0
s mass eigenstate.

The branching ratio of this decay is measured to be BR(B0
s (short) → D

(∗)+
s D

(∗)−
s )

= (23 ± 10 +19
− 9)%. A measurement of the lifetime of the B0

s (short) gives 1.27 ±
0.33±0.07 ps. The lifetime and branching ratio measurements allow two essentially
independent estimates to be made of the relative decay width difference ∆Γ/Γ in
the B0

s − B̄0
s system, corresponding to an average value ∆Γ/Γ = (25+21

−14)%.
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1 Introduction

Mixing phenomena in neutral B meson systems provide an important test for Standard
Model flavour dynamics. In the B0

s − B̄0
s system, a direct measurement of the mass

difference ∆ms between the mass eigenstates would yield precious information for the
understanding of the quark mixing matrix parameters. Complementary insights can also
be obtained from a measurement of the relative width difference ∆Γ/Γ between the B0

s

mass eigenstates, expected to be the largest among b hadrons [1]. As ∆Γ and ∆ms are
correlated, an experimental constraint on ∆Γ implies a corresponding constraint on the
range of ∆ms.

Recent theoretical calculations predict a sizeable value of ∆Γ/Γ = 0.16 ± 0.05 in
the B0

s − B̄0
s system [2, 3] and motivate experimental efforts to measure this quantity.

Neglecting the small correction from CP violation, the two CP eigenstates correspond
to the short- and long-lived B0

s mass eigenstates. The CP even eigenstate is expected
to decay more rapidly than the CP odd, as most of the decay products in the b → cc̄s
transition that are common to B0

s and B̄0
s are CP even. Until now, investigations of ∆Γ/Γ

have relied on isolating samples enriched in Bs mesons and attempting to measure the
separate lifetimes of the CP eigenstates in the sample. For example, L3 [4] and CDF [5]
have published constraints on ∆Γ/Γ based on double exponential fits to the proper time
distributions of inclusive B and Ds-lepton samples respectively. The sensitivity of this
approach is quadratic in ∆Γ/Γ. Increased sensitivity to ∆Γ/Γ (first order in ∆Γ/Γ) is
achievable using samples enriched in only one CP eigenstate [1], although this method
tends to suffer from a lack of statistics. Such an approach has been used by CDF [6] in
the analysis of B0

s → J/ψ φ decays.

This paper describes a study of the B0
s → D(∗)+

s D(∗)−
s decay, which is predominantly

CP even [7], and is partially reconstructed in the φφX final state [8]. The φφ vertex is
used to reconstruct the B0

s (short) decay length and eventually the proper time. From
a fit to the proper time distribution it is possible to extract the lifetime of the B0

s

candidates and an estimate of ∆Γ/Γ. In addition, a new method for extracting ∆Γ/Γ
using these events is introduced, based on a measurement of the branching ratio of the
decay B0

s (short) → D(∗)+
s D(∗)−

s .

2 The ALEPH detector

The ALEPH detector and its performance are described in detail elsewhere [9, 10, 11]; only
a brief description of the properties of the apparatus relevant for this analysis is given here.
The subdetectors critical to this analysis are the tracking chambers, providing precise
impact parameter measurement, decay length reconstruction, and particle identification
(from dE/dx).

A high resolution vertex detector (vdet) consisting of two layers of double-sided silicon
microstrip detectors surrounds the beam pipe. The inner layer is 6.5 cm from the beam

1



axis and covers 85% of the solid angle, and the outer layer is at an average radius of 11.3
cm and covers 69%. The spatial resolution for the rφ and z projections (transverse to and
along the beam axis, respectively) is 12 µm at normal incidence. The vertex detector is
surrounded by a drift chamber (itc) 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 40 cm and 170 cm. These detectors are immersed in an
axial magnetic field of 1.5 T and together measure the transverse momentum pT, relative
to the beam axis, of charged particles with a resolution σ(pT)/pT = 6×10−4pT⊕0.005 (pT

in GeV/c). The resolution of the three-dimensional impact parameter in the transverse
and longitudinal views for tracks having information from all tracking detectors and two
vdet hits can be parametrized as σ = 25µm + 95µm/p (p in GeV/c). The tpc also
provides a measurement of the specific ionization energy loss of a charged track (dE/dx).

The selection of hadronic events is based on charged tracks and is described
elsewhere [12]. The interaction point is reconstructed on an event-by-event basis using
the constraint of the average beam spot position [11]. The resolution is 85 µm for
Z → bb̄ events, projected along the sphericity axis of the event.

During 1998 the LEP1 data were reprocessed using a refined version of the
reconstruction program. The main improvements concern the track reconstruction and
the particle identification. A large number of changes were also made to the main helix-
fitting routine. A new VDET pattern recognition algorithm allows groups of several
nearby tracks which may share common hits to be analyzed together, to find the hit
assignments that minimize the overall χ2 for the event. The improvement in the hit
association efficiency is more than 2% (from 89.2% to 91.0% in rφ and from 85.6% to
88.2% in z). Information on the drift time from the TPC wires is combined with that
obtained from the pads to reduce the error in the z-coordinate by a factor of two. A 30%
improvement in the rφ coordinate resolution is achieved for low transverse momentum
tracks by correcting the pad coordinates for ionisation fluctuations along the tracks as
measured by the wires. The particle identification (dE/dx) is improved by including
pulse height data from the TPC pads with that of the wires, since the pad dE/dx is
rarely saturated by high particle density in jets. This latter improvement is crucial for
the present analysis because the dE/dx information is required for four charged tracks in
each event.

3 Selection of B0
s double charm decays using φφ

correlations

Candidates for the decay B0
s → D(∗)+

s D(∗)−
s are identified in hadronic Z events, where the

two φ’s from the Ds → φX decays are reconstructed in the same hemisphere with respect
to the thrust axis. The φ candidates are reconstructed in the K+K− decay mode. Each
kaon candidate must have a momentum greater than 1.5 GeV/c and a dE/dxmeasurement
consistent with that expected for the kaon hypothesis and inconsistent with the pion
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Figure 1: Event display of a B0
s → D∗+

s D∗−
s candidate in the data, with two Ds → φπ

in the final state. The B0
sand Ds vertices are marked with their error ellipses and are

well separated. The reconstructed invariant mass is compatible with the B0
s → D∗+

s D∗−
s

hypothesis, with two missing photons from D∗
s → Dsγ.

hypothesis. To ensure good tracking quality, each kaon candidate must have at least one
hit in the VDET.

To construct φ candidates, K+K− combinations are constrained to a common vertex,
requiring the χ2 probability of the vertex fit to be greater than 1%. Two φ candidates are
then constrained to a common vertex, the φφ vertex, also demanding the χ2 probability
of the vertex fit to be greater than 1%. The φφ system must have a momentum greater
than 10 GeV/c and an invariant mass between 2.75 and 4.5 GeV/c2. The cosine of the
decay angle of the most energetic φ in the φφ system, with respect to the φφ momentum,
is required to be greater than −0.8. In Fig. 1 a particulary clean signal candidate is
shown, with both Ds fully reconstructed in the φπ final state. The B0

s decay length lB0
s

is estimated by projecting the vector, in three dimensions, joining the interaction point
and the φφ vertex onto the direction of flight of the φφ resultant momentum. For each
event, the uncertainty σB0

s
on the B0

s decay length is calculated from the track trajectory
errors.

To reject the non-b events two alternative selection criteria are applied. For the
branching ratio measurement a cut lB0

s
/σB0

s
> 2 on the decay length of the B0

s is imposed.
This cut is a good compromise between the efficiency and the purity of the sample but
introduces a bias on the B0

s proper time distribution. The efficiency with the decay length

3
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Figure 2: Mass distribution of m(K+K−)1 vs. m(K+K−)2 for the events selected in the
data: (a) displayed in perspective, (b) displayed as a box plot, where the area of each box
is proportional to the bin contents; the regions used for event counting in Section 4 are
indicated by the dashed lines.

cut is about 9% with a b purity of 96% in the final sample.

For the lifetime measurement the proper time bias is avoided by replacing the cut on
the decay length significance with a cut on the confidence level Puds that the tracks in the
hemisphere opposite to the φφ system originate from the primary vertex [13]. The cut
Puds < 0.1 is applied. The efficiency with this b tag requirement is 7% with a b purity of
93% in the final sample, slightly worse than that obtained with the decay length cut.

In Fig. 2 the φφ correlation in the data is plotted as a function of the mass of the two
K+K− combinations for the lifetime based selection. A clear excess is observed in the
region where the φφ signal is expected.

Besides the signal events B0
s → D(∗)+

s D(∗)−
s , background processes can contribute to

φφ combinations in hadronic Z decays. One or both φ’s can originate from fragmentation
or combinatorial background. This background component is strongly suppressed by the
selection criteria. Four physics backgrounds are also present in Z → bb̄ and Z → cc̄ events:

1. Bs → D(∗)−
s D(∗)+

s X, D−
s → φX, D+

s → φX;

2. B → D(∗)+
s D̄(∗)(X), D+

s → φX, D̄ → φX;

3. B(s) → D
(∗)
(s)X, D(s) → φX and the second φ from fragmentation;

4
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Figure 3: Diagrams corresponding to the multi-body double charm decays of the B0
s .

4. D(s) → φX and the second φ from fragmentation.

The first background component consists of the B0
s multi-body double charm decays

that are not CP eigenstates and have not been observed experimentally. This component
is strongly suppressed with respect to the signal, the two-body decay B0

s → D(∗)+
s D(∗)−

s ,
for several reasons. Assuming a ∆I = 0 rule for b → cc̄s transitions [14], the decay
to the I = 1 final state B0

s → D(∗)+
s D(∗)−

s π is forbidden, contrary to the situation for
B → D̄(∗)D(∗)

s π where the final state can have the same isospin value of the initial state
I = 1/2. The allowed decay B0

s → D+
s D

−
s ππ corresponding to the diagram plotted in

Fig. 3(a) is suppressed by the need for two gluons, as in ψ
′ → J/ψ ππ. The ss̄ popping

in the B0
s decay of Fig. 3(b) is suppressed by kinematics because there would be at least

a D+
s D

−
s φ in the final state, contrary to B0 and B+ equivalent decay diagrams with qq̄

popping that have D̄Dsnπ in the final state. Moreover these decays are almost all removed
by the cut on mφφ > 2.75 GeV/c2 and can therefore be neglected in this analysis.

For the second background component, the D → φX decay is Cabibbo and colour
suppressed with respect to the signal process D+

s → φX. It is important here to
distinguish between the two-body B → D̄(∗)D(∗)+

s and the multi-body decays. The
multi-body background decays B → D̄(∗)D(∗)

s nπ have been measured by ALEPH to be
more than half of these decays [15] and are suppressed by the cut on the invariant mass
mφφ > 2.75 GeV/c2. The two body B → DDs, D

∗Ds, DD
∗
s , D

∗D∗
s decays reproduce

exactly the signal topology and cannot be removed by the selection. Their contribution
can however be subtracted as their branching ratios are measured [15, 16, 17].

The last two background components are strongly suppressed by the requirements on
the momenta, the mass, and the cosine of the decay angle in the φφ centre of mass system.

Fig. 4 shows the φφ invariant mass distribution after a ±8 MeV/c2 cut around the
nominal φ mass is imposed for each K+K− combinations. The cut mφφ > 2.75 GeV/c2

removes most of the combinatorial and physics backgrounds.
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Figure 4: Mass distribution of the φφ system before applying the cut mφφ > 2.75 GeV/c2,

which is indicated by the dashed line.

4 Event counting

In order to evaluate the number of φφ events, the background must be subtracted, taking
into account all the possible background combinations, the pure combinatorial component
(b1b2) and the combinations of a true φ with a fake one (φ1b2), (b1φ2):

Nbkg = N(b1b2) +N(b1φ2) +N(φ1b2) .

The number of background events is estimated from simple event counting averaged over
symmetric sidebands around the φφ mass peak. In Fig. 5 the 9 regions defined to separate
the signal region of each K+K− combination and the corresponding number of events
found in the data are shown. All the numbers quoted in this section relate to the selection
used for the branching ratio measurement, with the cut on decay length significance. For
the lifetime measurement these numbers change a little, but the method used is the same.
From Monte Carlo simulation the region where 98% of the signal is expected is found
to be ±8 MeV/c2 around the nominal mass of each φ. A width of 16 MeV/c2 has been
chosen for each box, in order to include all the signal events in the central box. The pure
combinatorial background contribution N(b1b2) is estimated averaging the contents of the
four bins belonging to the sidebands of the two φ’s (i.e., the four corners of Fig. 5). The
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Figure 5: Number of events selected in the data in the 9 regions of the plot of m(K+K−)1

vs. m(K+K−)2.

contributions of N(b1φ2) and N(φ1b2) are then computed in a similar way for events lying
at the φ mass peak in one projection and in the φ sidebands in the other, after subtracting
the pure combinatorial component of the background. The number of φφ events measured
in this way is Nφφ = 18.5±6.7. This method used to estimate the number of background

events under the peak is exact when the background shape is linear. In the present case
the background increases with the square root of the mass of each φ candidate, but the
corrections due to this effect are found to be negligible.

For the final estimation of the number of B0
s → D(∗)+

s D(∗)−
s candidates, it is still

necessary to subtract the contribution of φφ coming from B0 and B+ decays. The
branching ratio of B → D+(∗)

s D̄(∗) has been measured by ARGUS [16], CLEO [17] and
ALEPH [15] and the current world average is (4.9± 1.3)% [18]. The branching ratios for
the inclusive decays of D+ andD0 to φ are obtained by summing the single branching ratio
measurements of all the D+, D0 → φX decay modes [18] using the guidelines suggested
in [19], giving BR(D+ → φX) = (1.1 ± 0.2)% and BR(D0 → φX) = (1.6 ± 0.3)%.
From these numbers, the physics background in the selected sample is estimated to
be Nbkg

phy = 3.7 ± 1.1 events. ALEPH has measured BR(B → D(∗)+
s D̄(∗)nπ) to be

(9.4 ± 5.0)% [15], however the φφ mass cut used in the selection makes this background
negligible, as it rejects 96% of such background events.
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5 Measurement of the B0
s → D(∗)+

s D(∗)−
s branching

ratio

The B0
s → D(∗)+

s D(∗)−
s branching ratio can be determined from the number of φφ signal

events Nφφ−Nbkg
phy , the total number of collected hadronic events Nh

Z = 4.2× 106, the Bs

fraction fs = (10.5 ± 1.8)% [18], the branching ratios of the D+
s → φX and the selection

efficiency ε = (9.5± 0.5)%. Because only the short-lived component (CP even) of the B0
s

decays to D(∗)+
s D(∗)−

s (the CP odd component in this decay is estimated to be less than
2% of the CP even component [7]), it is more appropriate to quote the branching ratio of
the short-lived B0

s , using:

Nφφ−Nbkg
phy = εNBs(short) BR(B0

s (short) → D(∗)+
s D(∗)−

s )
[
BR(D+

s → φX)
]2 [

BR(φ→ K+K−)
]2

where NBs(short) = NBs/2 = Nh
Z Rb fs is the number of B0

s (short) produced. Using the
measured fraction of hadronic Z decays into B hadrons, Rb = 0.217 ± 0.001 [18] and the
branching ratio BR(φ→ K+K−) = (49.1 ± 0.6)% [18], the following value is obtained:

BR(B0
s (short) → D(∗)+

s D(∗)−
s ) = (23 ± 10 (stat) ± 5 (syst))% ×

[
17%

BR(D+
s → φX)

]2

.

The inclusive branching ratio of D+
s → φX has been factorized because it is the

largest source of systematic uncertainty. The directly measured value of this branching
ratio, BR(D+

s → φX) = (18+15
−10)% [20], is imprecise as it is measured with only three

events. However, a better estimate can be obtained by summing the branching ratio
of each measured exclusive mode [18]. In this way BR(D+

s → φX) > (15.5 ± 2.6)%
is found, where the lower limit reflects the fact that not all D+

s decays have yet been
measured. Finally, it is possible to use the guidelines described in [19], summing all the
measured D+

s → φX decay modes and estimating the others from isospin symmetry.
Using this method, with the updated values of the exclusive D+

s branching ratios [18],
BR(D+

s → φX) = (4.72 ± 0.46) × BR(D+
s → φπ) is obtained. With the measured

BR(D+
s → φπ) = (3.6 ± 0.9)% [18] this gives:

BR(D+
s → φX) = (17.0 ± 4.4)% ,

which is consistent with (and more precise than) the directly measured value. This
estimate is used, giving the final result:

BR(B0
s (short) → D(∗)+

s D(∗)−
s ) = (23 ± 10 (stat)+19

− 9 (syst))% .

The systematic uncertainties that affect the branching ratio measurement are listed
in Table 1. The global uncertainty is dominated by the error (+18%

− 8%) that comes from
the inclusive branching ratio D+

s → φX. The systematic error due to the fraction fs

of B0
s in Z → bb̄ decays is 4%. In the Monte Carlo for the B0

s → D(∗)+
s D(∗)−

s decays

8



Table 1: Sources of systematic uncertainty for the B0
s (short) → D(∗)+

s D(∗)−
s branching

ratio measurement.

Source Uncertainty

BR(D+
s → φX) +18%

− 8%

Bs fraction fs ±4%

Physics background ±2%

Monte Carlo branching fractions ±2%

Monte Carlo B0
s lifetime ±2%

Efficiency ±1%

dE/dx ±1%

Total +19%
− 9%

the relative fractions of D∗
sD

∗
s/D

∗
sDs/DsDs are arbitrary. The corresponding efficiencies

of the mφφ mass cut for these three modes are 54/65/75%. Considering an average

mass cut efficiency of 65% and changing this value by 10%, it is possible to evaluate
the corresponding systematic error (2%) on the branching ratio. The efficiency of the
cut on the decay length significance is calculated assuming a B0

s lifetime of 1.49 ps.
Using the B0

s (short) lifetime obtained from the fit of the following section the efficiency
changes by 7%, corresponding to a systematic uncertainty on the branching ratio of 2%.
The systematic error due to the presence of the physics background, 2%, is calculated
by varying the estimated number of these background events within their uncertainty. A
systematic uncertainty of 1% reflects the statistical uncertainty on the selection efficiency.
An error of 1% comes from the discrepancy between the data and the Monte Carlo on the
efficiency of the dE/dx cut, which is evaluated using samples of kaons from D∗+ decays
and pions from K0

S decays.

6 Measurement of the B0
s proper time and lifetime

fit

The B0
s (short) lifetime is determined from the proper decay time distribution of the φφ

events, after applying the opposite hemisphere b-tag requirement instead of the cut on
the decay length significance, as described in Section 3. With this selection 16.2 ± 6.9
φφ events are found. For each B0

s candidate, the proper time is obtained from the decay
length of the φφ system and the B0

s boost βγ:

t =
lB0

s

βγ
.

9



To estimate the precision on the decay length measurement, the difference between the
measured and the true decay length is studied for Monte Carlo events. It is found that the
φφ vertex is a reasonable unbiased approximation of the B0

s decay vertex, due to the short
decay length of theD+

s . The typical resolution of the B0
s decay length is 400 µm, compared

with an average B0
s decay length of approximately 2.5 mm. To control the accuracy of

the estimation of the event-by-event decay length uncertainty, the distribution of the
difference between the measured and the true decay length, divided by its uncertainty,
has been studied. The distribution is well parametrized by the sum of two centered
Gaussian functions. The values of the parameters that define this resolution function, the
two widths and the fractional area of the wider Gaussian, are found to be σ1 = 1.01±0.2,
σ2 = 3.0 ± 0.3 and A2 = 0.47. This indicates that the uncertainty on the decay length
is underestimated for about 50% of the events, corresponding to those in which the D+

s

decay lengths are not negligible with respect to that of the B0
s . A correction factor is

applied to the measured decay length error to take this into account in the fit.

The B0
s boost is calculated with the nucleated jet method as the ratio between the

momentum and the mass of the B0
s jet, reconstructed by adding charged and neutral

objects to the φφ system using the technique described in [21]. Objects are clustered in
the jet until the jet mass reaches 5.5 GeV/c2 (optimized for the B0

s ). In order to take into
account the uncertainty on the momentum reconstruction, a resolution function K(k) is
defined as the distribution of the ratio k of reconstructed to true momentum of the B0

s

for Monte Carlo signal events. This distribution is parametrized with a Gaussian of mean
value 1.01 ± 0.02 and width 0.12 ± 0.02.

The B0
s (short) lifetime τS is extracted from an unbinned maximum likelihood fit to

the proper time distribution of the B0
s candidates. The likelihood function contains a

component for the φφ candidates in the peak (defined as 1.012 GeV/c2 < m(K+K−)1,2 <
1.028 GeV/c2) and a component for events in the sidebands (defined as 0.98 GeV/c2 <
m(K+K−)1,2 < 1.6 GeV/c2 after excluding the peak events). The latter are included to
constrain the proper time parametrization of the combinatorial background in the peak
region:

L =
Npeak∏

i

[(1 − fbkg)Psig(ti, σti , τS) + fbkgPbkg(ti)] ×
Nside∏

j

Pbkg(tj) ,

where the coefficient fbkg is the background fraction in the peak and Psig(t, σt, τS) is the
probability function for the signal, consisting of an exponential function convolved with
momentum and decay length resolution functions. The signal probability function also
contains a fraction fB of physics background B → DsD parametrized with a second
exponential with a lifetime constrained to an average of B0 and B+ lifetimes, τB = 1.6
ps:

Psig(t, σt, τS) =

[
(1 − fB)

e−t/τS

τS
+ fB

e−t/τB

τB

]
⊗R(t, σl

1, σ
l
2) ⊗K(k) .

R is the decay length resolution function, parametrized with the sum of two Gaussians
with widths σl

1(2) = σ1(2) × σB0
s
.
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The function Pbkg(t) is the normalized proper time distribution of the background,
parametrized from the data. It consists of two components, a fraction f0 of prompt (zero
lifetime) background which is taken simply as a Gaussian resolution function of width
σbkg, and a fraction of background having a lifetime τbkg, described by an exponential
convolved with the same Gaussian resolution function:

Pbkg(t) = f0 G(t, σbkg) + (1 − f0)
e−t/τbkg

τbkg

⊗G(t, σbkg) .

In the fit there are three free parameters: the two lifetimes τS, τbkg and the fraction
f0. Figure 6 shows the result of the fit to the signal and background events. The fitted
B0

s (short) lifetime is τS = 1.27± 0.33 ps where the quoted uncertainty is statistical only.

Several sources of systematic uncertainty affecting this measurement have been
investigated, and their respective contributions are summarized in Table 2. The
systematic effects due to the fraction and the shape of the combinatorial background
are included in the statistical error as the lifetime fit gives simultaneously the background
parameters. The other systematic uncertainties come from the momentum and decay
length resolutions and from the parameters describing the physics background. They
are calculated by varying within their uncertainties the parametrization of the resolution
function and the fraction and the time distribution for the physics background events.
The total systematic error is, however, small compared to the statistical uncertainty:

τS = 1.27 ± 0.33 (stat) ± 0.07 (syst) ps .

7 The evaluation of ∆Γ/Γ

If the two B0
s eigenstates (short- and long-lived) have decay widths ΓS,L = 1/τS,L, it is

possible to define the average width as Γ = (ΓS + ΓL)/2 and the width difference ∆Γ =
ΓS −ΓL. There are two essentially independent evaluations of ∆Γ/Γ in this analysis. The
first is based on the branching ratio measurement of the decay B0

s (short) → D(∗)+
s D(∗)−

s .
The second combines the measurement of the short-lived lifetime with the world average
B0

s lifetime from semileptonic decays.

7.1 ∆Γ/Γ from the branching ratio

An estimate of ∆Γ/Γ can be obtained from the branching ratio measurement, under
the assumption that the width difference between the two states is entirely due to the
B0

s → D(∗)+
s D(∗)−

s decay, which is CP even. This hypothesis relies on the assumption that
only decays to CP eigenstates can contribute to the width difference. Thus, in addition
to the B0

s → D(∗)+
s D(∗)−

s decay, other decays such as B0
s → J/ψ φ, ηcη, ψ

′
φ, J/ψ η, etc.

can also contribute in principle, however these decays are rare, and their contribution
to ∆Γ/Γ is expected to be less than 5% of that expected for the D(∗)+

s D(∗)−
s decays [7].
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Figure 6: The proper-time distribution of the B0
s candidates in the φφ sample. The dark

shaded areas correspond to the proper time distributions of the combinatorial and physics
backgrounds. The solid line is the result of the maximum likelihood fit. The inset shows
the proper time distribution of the combinatorial background from the sidebands with the
fitted parametrization.

Table 2: Sources of systematic uncertainty in the B0
s lifetime measurement.

Source Uncertainty (ps)

Resolution function ±0.05

Momentum reconstruction ±0.04

Physics background ±0.02

Total ±0.07
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The other three- or four-body decays that have a CP defined final state are not pure CP
even eigenstates, but can be CP odd or CP even depending on the angular momentum.
Therefore the contribution of all these modes to ∆Γ/Γ is expected to be negligible
compared to Γ(B0

s → D(∗)+
s D(∗)−

s ). With this assumption,

∆Γ = [Γ(CP = even) − Γ(CP = odd)] = Γ(B0
s (short) → D(∗)+

s D(∗)−
s )

and ∆Γ/Γ is related to the branching ratio of the decay B0
s (short) → D(∗)+

s D(∗)−
s through

BR(B0
s (short) → D(∗)+

s D(∗)−
s ) =

Γ(B0
s (short) → D(∗)+

s D(∗)−
s )

ΓS
=

∆Γ

ΓS
=

∆Γ

Γ(1 + ∆Γ/2Γ)
.

The measurement described above yields

∆Γ/Γ = (26+30
−15)% ,

where the error is mostly systematic and is due to the uncertainty on the D+
s → φX

branching ratio.

7.2 ∆Γ/Γ from the lifetime measurement

From the lifetime measurement of the CP even eigenstate, it is possible to extract
∆Γ/Γ from comparison with the average semileptonic B0

s lifetime. When an experiment
measures a lifetime using a single exponential fit to the observed proper time distribution,
the fitted lifetime is biased to the long lifetime component in the sample [22]. If the B0

s

events are selected through the semileptonic decays B0
s → D+

s l
−ν̄, the measured value

from a fit with a single exponential is [22]

τsl = (1/Γ)
1 + (∆Γ

2Γ
)2

1 − (∆Γ
2Γ

)2
.

With this formula ∆Γ/Γ can be expressed as a function of the lifetime of the short
component τS and the semileptonic average τsl:

∆Γ

Γ
= 2

[
1 − τS

τsl

(
1 + (∆Γ

2Γ
)2

)]
.

As expected ∆Γ/Γ is almost linear in τS, with a small quadratic correction. With the
present measurement τS = 1.27 ± 0.34 ps and the average of the B0

s lifetime measured in
the semileptonic decays τsl = 1.45 ± 0.06 ps [23], the following result is obtained:

∆Γ/Γ = (22+38
−51)% ,

where the statistical and systematic uncertainties are combined.
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7.3 Average

In order to combine the two measurements, the result of each analysis, including the
systematic error, is converted to a log-likelihood of ∆Γ/Γ. The two measurements are
basically independent. The only possible correlations between the two estimates are in the
treatment of the systematic uncertainty on the branching ratio due to B0

s (short) lifetime,
and on the sytematic errors due to the physics background fraction. However, compared
with the total uncertainty, these errors are negligible and therefore the two measurements
can be treated as if uncorrelated.

From the sum of the two log-likelihoods the average value is estimated with its
uncertainty:

∆Γ/Γ = (25+21
−14)% .

The ratio ∆Γ/∆ms is given by 3
2
πm2

b/m
2
t to first approximation, and when computed

to next-to-leading order [2], adding the recent lattice calculation [3], is found to be
∆Γ/∆ms = 6.5 × 10−3 [24], with a preliminary estimate of the uncertainty of ±30%.
Using this value the corresponding value for the mass difference is ∆ms = 26+22

−16 ps−1.

8 Conclusion

In a total of about 4 million hadronic Z decays collected with the ALEPH detector between
1991 and 1995, the events with two φ mesons in the same hemisphere are studied. A clear
enhancement in the number of events is observed, corresponding to φφ production. This
excess of events is attributed primarily to the B0

s decay to the mostly CP even eigenstate
D(∗)+

s D(∗)−
s that corresponds to the short-lived mass state.

The branching ratio for this decay is measured to be BR(B0
s (short) → D(∗)+

s D(∗)−
s ) =

(23±10 (stat)±5 (syst))%×
[

17%

BR(D+
s →φX)

]2

. Using BR(D+
s → φX) = (17.0±4.4)% this

corresponds to:

BR(B0
s (short) → D(∗)+

s D(∗)−
s ) = (23 ± 10 (stat) +19

− 9 (syst))% .

A maximum likelihood fit to the proper time distribution of the selected
B0

s → D(∗)+
s D(∗)−

s candidates yields an estimate of the lifetime of the short-lived
component:

τS = 1.27 ± 0.33 (stat) ± 0.07 (syst) ps .

Both these measurements enable essentially independent estimates of ∆Γ/Γ for the
B0

s − B̄0
s system to be obtained. Combining these yield the average:

∆Γ/Γ = (25+21
−14)% .
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