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G. Sanguinetti, A. Sciabà, G. Sguazzoni, R. Tenchini1, A. Venturi, P.G. Verdini
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J.-F. Renardy, A. Roussarie, J.-P. Schuller, J. Schwindling, A. Trabelsi21, B. Vallage
CEA, DAPNIA/Service de Physique des Particules, CE-Saclay, 91191 Gif-sur-Yvette Cedex, France17

S.N. Black, J.H. Dann, R.P. Johnson, H.Y. Kim, N. Konstantinidis, A.M. Litke, M.A. McNeil, G. Taylor
Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, CA 95064, USA13

C.N. Booth, S. Cartwright, F. Combley, M. Lehto, L.F. Thompson
Department of Physics, University of Sheffield, Sheffield S3 7RH, UK10
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Abstract. A search for CP violating effects in the mixing of neutral B mesons is performed using a sample
of 4.1 million hadronic Z decays collected with the ALEPH detector from 1991 to 1995. By studying time-
dependent asymmetries in flavour-tagged samples of semileptonic and fully inclusive b-hadron decays, two
measurements of the semileptonic asymmetry aCP are extracted. No evidence for CP violation is observed,
and the combined value aCP = −0.013 ± 0.026 is obtained.
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1 Introduction

Since the discovery of CP violation in the neutral kaon sys-
tem in 1964 [1], the explanation of its origin has been the
subject of intense investigation. In the Standard Model,
CP violation arises from a complex phase in the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix [2]. Par-
ticularly interesting is the potential for studying CP vio-
lation in B-meson decays, where a rich phenomenology is
expected.
Present efforts are focusing on decay channels of B0

mesons into exclusive final states, such as B0d → J/ψK0
S,

which are predicted to have large asymmetries, with lit-
tle theoretical uncertainty in relating them to the CKM
matrix. Recent studies of this channel performed in CDF
[3] and at LEP [4,5] gave first indications for a large CP
asymmetry. However, the effective branching ratios are
small and precision studies of exclusive channels are be-
yond the reach of LEP.
A complementary approach is to look for CP violation

in inclusive asymmetries. Although these asymmetries are
predicted to be small in the Standard Model, they provide
an interesting possibility to constrain mixing-induced CP
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violation, which could be enhanced by the presence of new
physics [6].
In each of the two neutral B meson systems, the mass

eigenstates BH and BL differ from the flavour eigenstates
B0 and B̄0, and can be described as [6]

BL,H = pB0 ± qB̄0, (1)

where p and q are complex mixing parameters with the
normalization |p|2 + |q|2 = 1. CP violation in the mixing
results from the mass eigenstates being different from the
CP eigenstates, |q/p| �= 1.
This condition manifests itself in different mixing rates

for B0 → B̄0 and B̄0 → B0 in decays to flavour spe-
cific final states, which can be observed through the decay
rate asymmetry of B0 and B̄0 decaying to the “wrong-
sign” final state. This is traditionally investigated using
semileptonic decays, through a measurement of the so-
called “semileptonic asymmetry” defined as

aCP =
Γ (B̄0 → B0 → �+νX)− Γ(B0 → B̄0 → �−ν̄X)
Γ (B̄0 → B0 → �+νX) + Γ(B0 → B̄0 → �−ν̄X)

.(2)

As the proper time dependence of the rates in the above
definition cancels out in the ratio, the asymmetry aCP
is time-independent. It is often used to parametrize CP
violation in the mixing and is directly related to |q/p|2:

aCP =
|p/q|2 − |q/p|2
|p/q|2 + |q/p|2 . (3)

The CP asymmetry measured with an inclusive sam-
ple of B0 decays, where the flavour state at decay is not
identified, can also provide information on the parameter
aCP. While the time-integrated rate difference vanishes
due to CPT symmetry, a time-dependent asymmetry per-
sists, which is predicted to be [7]

A(t) = Γ (B0 → anything)− Γ (B̄0 → anything)
Γ (B0 → anything) + Γ (B̄0 → anything)

(4)

= aCP

[
∆m

2Γ
sin (∆mt)− sin2

(
∆mt

2

)]
. (5)

Here, t is the proper decay time of a neutral B meson that
was produced as a B0 or B̄0; ∆m is the mass difference
between the mass eigenstates and Γ the decay width (the
width difference between BH and BL is neglected).
This paper exploits the above considerations to provide

two separate measurements of aCP in the B0d–B̄
0
d system

based on two samples of semileptonic and fully inclusive
b-hadron decays, respectively. For the B0d, aCP is predicted
in the Standard Model to be O(10−2) or less [8], at the
limit of the statistical sensitivity of the data samples con-
sidered in these analyses. Because the rapid B0s oscillations
are not resolved and aCP is expected to be an order of
magnitude smaller for the B0s , CP violation in the B

0
s–B̄

0
s

system is neglected here. No asymmetry is expected from
charged B mesons and b baryons. Other b-hadron sources
therefore only dilute the B0d asymmetry without changing
the time dependence, and no attempt is made to separate
B0d from other b-hadron decays.
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This paper is organized as follows. After a description
of the ALEPH detector and the event selection in Sect. 2,
the semileptonic and fully inclusive analyses are described
in detail in Sects. 3 and 4, respectively. Section 5 gives
the prescription for combining the two correlated mea-
surements. Finally the results are summarized in Sect. 6.

2 ALEPH detector and event selection

The analyses are based on 4.1 million hadronic Z decays
gathered by ALEPH from 1991 to 1995. A detailed de-
scription of the ALEPH detector and its performance is
given elsewhere [9,10]. Charged particles are tracked in
a two-layer silicon vertex detector (VDET) with double-
sided readout (r-φ and z), surrounded by a cylindrical
drift chamber and a large time projection chamber (TPC),
together measuring up to 33 coordinates along their tra-
jectories. These detectors are immersed in a 1.5 T axial
magnetic field, providing a resolution on the transverse
momentum relative to the beam axis of ∆pT/pT = (6 ×
10−4) pt ⊕ 0.005 (pT in GeV/c) and a three-dimensional
impact parameter resolution of 25µm + 95µm/p (p in
GeV/c) for tracks having two VDET hits. The TPC also
allows particle identification through the measurement of
specific ionization (dE/dx). A finely segmented electro-
magnetic calorimeter of lead/wire-chamber sandwich con-
struction surrounds the TPC. The iron return yoke of the
magnet is instrumented with streamer tubes to form the
hadron calorimeter, which is surrounded by two additional
double layers of streamer tubes for muon identification.
The Monte Carlo simulation, HVFL, is based on JET-

SET [11] and is described in detail in [12].
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, the main features of which are de-
scribed elsewhere [13]. The analyses presented here benefit
through improved electron identification, b-tagging per-
formance and vertexing efficiencies.
Hadronic events are selected according to the stan-

dard ALEPH selection criteria based on charged tracks
[14]. The production-vertex position is reconstructed on
an event-by-event basis using the constraint of the aver-
age beam spot position [15].
For each event, the thrust axis is calculated and the

event is divided into two hemispheres using the plane per-
pendicular to the thrust axis. Events that are outside the
VDET acceptance are discarded by requiring |cos θthrust|
< 0.85, θthrust being the angle of the thrust axis with re-
spect to the beam axis.
Lepton candidates (electrons and muons) are searched

for as described in [16]. The electron and muon candidates
are required to have a momentum greater than 2GeV/c
and 2.5GeV/c, respectively. In addition, a cut on the
dE/dx is applied to reduce the amount of fake muons
coming from misidentified kaons.

3 Semileptonic analysis

This section describes the measurement of the CP-
violating parameter aCP based on a sample of semilep-
tonic B0d decays. Since the fraction of mixed B

0
d events

varies with proper time, a time-dependent study is per-
formed to maximize the sensitivity, and aCP is extracted
by a simultaneous fit to the time distributions of events
tagged as B0 → B0, B0 → B̄0, B̄0 → B0 and B̄0 → B̄0
transitions.
Events in which a b hadron decays semileptonically are

selected by means of high-pT leptons. The proper decay
time is determined from the primary vertex, the vertex
from which the lepton originates and an estimate of the
b-hadron momentum. The flavour states at decay time
and production time are then inferred from the charge of
the lepton and from the hemisphere charge in the opposite
hemisphere, respectively.
The identification of b hadrons is based solely on the

hard lepton pT spectrum. Jet clustering is performed us-
ing the scaled-invariant-mass algorithm [17] with ycut =
0.004 [16], and a cut on the transverse momentum pT >
1.25GeV/c is applied, where pT is computed with respect
to the closest jet with the lepton excluded from the jet.
If several tracks pass the lepton requirements, the candi-
date with the highest transverse momentum is selected.
Because the lepton candidate is used in the b-vertex re-
construction, at least one three-dimensional hit in the ver-
tex detector is required. Furthermore, the angle between
the jet closest to the lepton, taken to be the b jet, and
the thrust axis is required to be less than 35o. A total of
131 195 events is selected by these criteria.

3.1 b-hadron reconstruction

The b-decay vertex is reconstructed as the point of clos-
est approach of the charged lepton candidate to the as-
sociated jet direction. By construction this procedure is
100% efficient for finding a vertex while giving poorer
proper time resolution than previous ALEPH vertex re-
construction procedures. However, this is of little impor-
tance as the characteristic time scale of CP asymmetry is
O(1/∆md), much longer than the typical time resolution.
The total reconstruction efficiency is independent of the
true proper time, and the decay length resolution, deter-
mined from Monte Carlo, can be described by a sum of
three Gaussian functions with widths of 296µm, 751µm
and 2.12 mm for 24%, 43% and 33% of the events, respec-
tively.
The decay length resolution in data is studied using

tracks that satisfy all selection criteria, except the elec-
tron and muon identification. The simulation is checked
by comparing the negative tail of the decay length distri-
bution using these tracks for data and Monte Carlo. The
width in data is found to be 2% larger than in the Monte
Carlo, and this is compensated for in the analysis.
The b-hadron momentum is composed of contributions

from the lepton, the neutrino and further charged and
neutral decay products. The neutrino energy is estimated
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as the missing energy in the hemisphere taking into ac-
count the measured mass in both hemispheres [18]. The
reconstruction of the remaining contribution is based on a
nucleated jet algorithm. Starting with the lepton track as-
sociated to the b-hadron decay, charged and neutral par-
ticles in the same hemisphere, with energy greater than
0.5GeV and ordered by decreasing energy, are added un-
til the invariant mass reaches a given cut value. The op-
timal cut value is determined from Monte Carlo and is
parametrized as a function of the neutrino energy, where
typical cut values are in the range of 4–5GeV/c2. The mo-
mentum resolution depends on the momentum and is on
average 8% for 55% of the events and 25% for the rest.
After the decay length and momentum are recons-

tructed, the proper time can be calculated. The recon-
struction errors are taken into account by folding the pre-
dicted proper time distributions with a resolution func-
tion. The resolution function is parametrized from Monte
Carlo as a sum of four Gaussian functions with parameters
depending linearly on the true proper time.

3.2 Initial and final state tagging

The determination of aCP in the semileptonic analysis is
based on the identification of both the initial and final
states of the B0d meson.
The final state is tagged by the charge of the lepton.

The b→ �− (including b→ τ → �−) and b→ c̄→ �− de-
cays will have a correct final state tag, while in b→ c →
�+ the charges of the lepton and the decaying b quark have
opposite signs, corresponding to a 100% mistag probabil-
ity. High pT kaons misidentified as muons mainly originate
from the decay chain b→ c→ s, and their charge is very
likely to have the same sign as that of the b quark. The
overall final state mistag probability for fake leptons is
estimated from Monte Carlo to be 26%.
Information on the initial state is obtained from the

charge of the hemisphere opposite to the lepton candidate.
The hemisphere charge is defined as

Qhemi =
∑

i qi (pL,i)
κ∑

i (pL,i)
κ , (6)

where the sum is over all charged tracks in the hemisphere,
qi is the charge of the track, pL,i the projection of its
momentum on the thrust axis and κ = 0.5.
The sign of the opposite hemisphere charge is used

to tag the initial state as a B0d or a B̄
0
d, while its absolute

value is used to calculate an event-by-event discriminating
variable defined as [19,20]

X(Qhemi) =
w(Qhemi)

r(Qhemi) + w(Qhemi)
, (7)

where r (w) is the distribution for correctly (incorrectly)
tagged signal events. These distributions are extracted
from Monte Carlo. A small value of X indicates that
the tag is likely to be correct. The average mistag prob-
ability for B0d using only the hemisphere charge sign is

(35.5±0.5)%, while the use of the event-by-event value of
the discriminating variable gives an effective mistag prob-
ability of (32.7± 0.5)%.
The hemisphere charge distributions for both B0d and

B̄0d display a positive offset due to nuclear interactions,
which is subtracted to remove the subsequent fake asym-
metry. The offset is taken to be equal to the average
hemisphere charge in all b events selected in the data
for the fully inclusive analysis, which is determined to be
0.00256± 0.00015.
Because the value of the hemisphere charge is also

used in the tagging, the distributions (i.e. the mean and
width) in data and Monte Carlo must be compared. For
this purpose, a high purity sample of identified b and b̄
hemispheres is selected by requiring the lepton pT to be
larger than 1.8GeV/c. Mixed B0d decays are suppressed
by demanding the sign of the lepton to be equal to the
sign of the total charge in the hemisphere containing the
lepton, which is correlated to the charge of the initial b
quark. The distribution of hemisphere charge in the oppo-
site hemisphere is then fitted with a Gaussian function in
both data and Monte Carlo. A discrepancy in the width σ
is parametrized by a scaling factor S = σdata/σMC and a
discrepancy in the mean µ by a shift δ = |µdata| − |µMC|.
The mean µ is obtained by adding the charge distributions
for b and b̄ after having flipped the sign of the b̄ hemi-
sphere charge. By construction, the mean µ and hence δ is
independent of the global charge offset. The results of this
comparison, S = 1.007 ± 0.007 and δ = 0.0023 ± 0.0015,
are used in estimating the systematic errors.

3.3 Fitting procedure

The CP asymmetry aCP is extracted using an unbinned
maximum likelihood fit. The sample consists of the follow-
ing six sources of lepton candidates:

(1) true leptons from b→ �− including b→ τ− → �−;
(2) true leptons from b→ c→ �+;
(3) true leptons from b→ c̄→ �−;
(4) true leptons from b→ J/ψ → �+�−;
(5) fake and non-prompt leptons from b-hadron decays;
(6) lepton candidates from non-b decays.

The first five sources are further subdivided into four
flavour categories: B0d, B

0
s , B

± and b baryons. For Sources 4
and 5, the b charge cannot be determined from the lepton
charge and certain decay modes for neutral B mesons can
be reached from both flavour states. CP violation in these
decay modes is neglected. The estimated fraction of each
source is given in Table 1. The values were obtained from
Monte Carlo and reweighted to the observed amount of
fake leptons.
The true initial and final state charges qp0 , q

f
0 are de-

fined to be −1 for b quarks and +1 for b̄ quarks. To first
order in aCP, the probability distributions Pj(t, q

p
0 , q

f
0) of

the true proper time and the true initial and final state
charges can be written as [7]

Pj(t,±1,±1) = e−t/τj

4τj
[1 + cos(∆mjt)] , (8)
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Table 1. Sample composition as determined from the Monte
Carlo simulation

Source Fraction

b → �− 0.804
b → c → �+ 0.071
b → c̄ → �− 0.011
b → J/ψ → �+�− 0.009
Other b-hadron decays 0.008
Non-b decays 0.097

Pj(t,±1,∓1) = e−t/τj

4τj
[1− cos(∆mjt)] (1∓ aj) , (9)

where τj , ∆mj and aj are the lifetime, oscillation fre-
quency and asymmetry for b-hadron category j with ∆mj

= 0 for B± and b baryons, while aj = aCP for B0d and
aj = 0 for all other b-hadron categories.
The probability distributions of the reconstructed

proper time trec for all sources except Source 6 are given
by folding the true proper time distribution with a res-
olution function R and summing over all four b-hadron
categories:

hi(trec, q
p
0 , q

f
0) =

4∑
j=1

∫ ∞

0
fijRi(trec, t)Pj(t, q

p
0 , q

f
0) dt ,

(10)
where fij is the fraction of b-hadron Category j in Source i.
The fractions of the different b flavours are taken from
Monte Carlo simulation with production ratios and life-
times reweighted to values given in [21]. The semileptonic
branching ratios are assumed to be proportional to the
b-hadron lifetimes and have been reweighted accordingly.
The fractions are normalized to give

∑4
j=1 fij = 1 for all

i. The fraction of B0d in the total sample is estimated to
be 36%.
Two different resolution functions are used depending

on whether the lepton candidate comes directly from the
b or via a subsequent charm decay. Sources 1, 4 and 5
therefore use one resolution function and Sources 2 and 3
use another. For Source 6 the distribution is parametrized
directly from Monte Carlo and h6(trec,−1,−1) = h6(trec,
+1,+1), while h6(trec,−1,+1) = h6(trec,+1,−1) = 0 by
definition.
The final state flavour qf is given by the charge of the

lepton candidate; the probability distribution is

gi(trec, q
p
0 , q

f) = ξihi(trec, q
p
0 , q

f) + (1− ξi)hi(trec, q
p
0 ,−qf) ,
(11)

where ξi is the probability for a correct final state tag
for Source i taken to be ξ = 1 for Sources 1 and 3, ξ =
0 for Source 2, ξ = 0.5 for Source 4 and ξ = 0.74 for
Source 5. The last value is determined from Monte Carlo
(see Sect. 3.2). For lepton candidates from non-b decays
(Source 6), ξ is defined to be one and all mistagging is
contained in the initial state tagging.
For each source the probability density function of X

is parametrized for correctly tagged events, G+
i (X), and

incorrectly tagged events, G−
i (X). The parametrizations

are taken from Monte Carlo. The probability density for
an event is then given by

f(trec, X, qp, qf)

=
6 sources∑

i

Yi(X)
[
(1−Mi(X))gi(trec, qp, qf)

+Mi(X)gi(trec,−qp, qf)
]
, (12)

where the event-by-event mistag probabilities Mi(X) and
source fractions Yi(X) are computed from G±

i (X), the av-
erage initial state mistag probabilities ηi and the average
source fractions αi (Table 1) as [19,20]

Mi(X) = ηi
G−

i (X)
Gi(X)

, Yi(X) = αi
Gi(X)∑

j αjGj(X)
, (13)

where Gi(X) = (1 − ηi)G+
i (X) + ηiG

−
i (X). Suppressing

constant terms, the total likelihood can be written as

L =
N events∏

j

f(trec,j , Xj , q
p
j , q

f
j) . (14)

3.4 Result and consistency checks

The data are fitted with the b-hadron lifetimes and ∆md
fixed to the world averages [21], and ∆ms = 50 ps−1. The
result is:

aCP = −0.037± 0.032 (stat.) .
The distribution of the final state asymmetry,

(N(�+)−N(�−))/(N(�+) +N(�−)), is shown in Fig. 1. In
this figure, the data are divided into two samples accord-
ing to whether the events are tagged as mixed (Fig. 1a) or
unmixed (Fig.1b). In the case of signal events consisting
only of perfectly tagged B0d and B̄

0
d mesons, a constant

asymmetry equal to aCP is expected in the mixed sample
(see (9)), while no asymmetry is expected in the unmixed
sample (see (8)). In the real case, background and mistag
both dilute the asymmetry; furthermore a small time de-
pendence is introduced. However, the observed asymmetry
is still expected to be larger in the events tagged as mixed
than in the events tagged as unmixed. As can be seen
from Fig. 1, and confirmed by the result of the unbinned
likelihood fit for aCP, no significant deviation from zero is
observed in the data.
Several checks of the parametrizations used in the fit

are performed. The average b lifetime is fitted ignoring
tagging information and assuming all b hadrons to have
the same lifetime. Only events with a reconstructed proper
time between −1.0 ps and 10.0 ps are used in the fit as
the resolution becomes dominated by non-Gaussian tails
outside this interval and is therefore poorly described. The
result, 1.595±0.007 (stat.) ps, is consistent with the world
average of 1.564± 0.014 ps [21], taking into account that
there are also significant systematic uncertainties from
resolution functions and sample composition. The proper
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time distribution of signal and background events is shown
in Fig. 2. The discrepancy between data and Monte Carlo
seen at negative proper times is due to the imperfect de-
scription of the resolution mentioned above, but the res-
olution has little impact on this measurement as the ex-
pected CP asymmetry varies slowly with time. The result
for aCP does not change significantly when the measure-
ment is restricted to events with proper time larger than
1.0 ps (this removes some of the background) or when fit-
ting electrons and muons separately. The results of these
fits are shown in Table 2.
The parameter ∆md is fitted using the likelihood ex-

pression given above, with aCP set to zero. This yields
∆md = 0.490 ± 0.022 (stat.) ps−1 consistent with the
world average of 0.464 ± 0.018 ps−1 [21]. Figure 3 shows
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Fig. 3. Average lepton-signed hemisphere charge Q�h as a
function of proper time, with the fit result superimposed

Table 2. Results of fits performed using the full sample, only
events with proper time larger than 1 ps, only electrons and
only muons. Only statistical uncertainties are quoted

Sample aCP

Full −0.037 ± 0.032
t > 1 ps −0.038 ± 0.032
Electrons −0.034 ± 0.047
Muons −0.039 ± 0.044

the average lepton-signed hemisphere charge Q	h = −q	 ×
Qhemi (q	 is the lepton charge) as a function of the recon-
structed proper time. This quantity is on average positive
for unmixed decays and negative for mixed decays and the
figure illustrates the B0d-B̄

0
d oscillation.

The full fit procedure was tested on a Monte Carlo
sample reweighted according to different known values of
aCP with no indication for any systematic bias in the fitted
value of aCP.
As a check, the fit for aCP on data has been repeated

with an additional free parameter to allow for a possible
asymmetry in the truly unmixed B0d events. This asymme-
try is found to be consistent with zero, as expected from
CPT invariance. Furthermore, a similar check shows no
significant asymmetry in the b-hadron background.

3.5 Systematic uncertainties

The systematic uncertainties studied are discussed in the
following and listed in Table 3.

b-hadron lifetimes: The b-hadron lifetimes are varied
separately within the uncertainties of the world average
values.

Sample composition: The fractions of each type of b
hadron are varied separately within the uncertainties on
the measured values given in [21]. The amount of cascade
decays is varied within errors given in [22], while the non-b
fraction is varied by 25% as suggested from a comparison
between data and Monte Carlo performed in [23]. A rel-
evant background for this analysis comes from charged
hadrons misidentified as muons, which give rise to charge
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Table 3. Summary of systematic uncertainties on aCP

Error sources aCP

b-hadron lifetimes 0.0016
b-hadron fractions 0.0041
b → c → � fraction 0.0013
∆ms 0.0001
∆md 0.0021
Fake leptons 0.0027
Non-b fraction 0.0004
Proper time resolution 0.0002
Hemisphere charge correction 0.0018
Hemisphere charge offset 0.0027

Quadratic sum 0.0066

asymmetries due to secondary interactions with the de-
tector material. The largest effect is observed in the kaon
component, which is substantially reduced by the cut in
the measured energy loss (Sect. 2). The remaining K+ and
K− contaminations are extracted directly from data us-
ing the measured dE/dx distribution of muon candidates.
This gives (1.7 ± 0.6)% K+ and (1.1 ± 0.4)% K− con-
tamination of the positively and negatively charged muon
candidates, respectively. The final state mistag probabil-
ity for fake leptons is varied by 10% to take into account
uncertainties in the hadronic b decays simulated in Monte
Carlo.

∆ms, ∆md:∆ms is varied between 9.1 ps−1 and 50 ps−1.
Because the proper time resolution is not good enough to
resolve the rapid B0s oscillations, this variation has little
effect on the result of the measurement. ∆md is varied
within the uncertainty on the world average value [21].

Resolution: The decay length resolution is varied by 5%
in addition to the 2% difference observed between data
and Monte Carlo. The resolution due to the momentum
measurement is conservatively varied by 10%.

Initial state tagging: For initial state tagging two
sources of errors are considered: the hemisphere charge off-
set and the hemisphere charge distribution itself. The off-
set is extracted from data and is varied within the statisti-
cal uncertainty on the extracted value, 0.00256± 0.00015.
For the hemisphere charge distribution the width and the
mean value are varied separately within the difference
given in Table 6 or the uncertainty, whichever is larger.
The final result of the semileptonic analysis is

aCP = −0.037± 0.032 (stat.)± 0.007 (syst.) .

4 Fully inclusive analysis

In this analysis, events containing a b hadron are identified
by the presence of a secondary decay vertex in combina-
tion with a b tag in the opposite hemisphere. An inclusive

vertexing technique is used to reconstruct the decay length
of the b hadron, and a separate algorithm yields an esti-
mate of the b-hadron momentum. Finally the b flavour at
production time is tagged using a multivariate discrimi-
nant.
In addition to the event selection described in Sect. 2,

the event is required to contain at least two jets defined
using the scaled-invariant-mass algorithm with a ycut of
0.01 [15]. The most energetic jet and the jet that forms
the highest invariant mass with it are assumed to be the b-
hadron jets. In order to suppress three-jet events in which
the b-quark pair is not unambiguosly separated into two
hemispheres, events with the two selected b-hadron jets in
the same hemisphere are rejected.

4.1 Vertexing

In each hemisphere, charged tracks that are likely to come
from a secondary vertex are selected based on their pseu-
dorapidity with respect to the jet axis and the impact
parameter significance with respect to the primary ver-
tex. These tracks are subjected to a secondary vertex fit.
Tracks contributing high χ2 values are removed from the
fit in an iterative procedure. Once a good vertex is found,
the procedure is repeated on the remaining tracks. If more
than one secondary vertex is found in a given hemisphere,
the vertex multiplicity and the reconstructed vertex mass
are used to select the best b-vertex candidate. Monte Carlo
studies show that only 5% of the tracks assigned to a sec-
ondary vertex by this procedure are actually tracks from
fragmentation. The resulting average vertexing efficiency
is 92% for b hemispheres. The decay length resolution is
determined from Monte Carlo and fitted with a sum of
three Gaussian functions with widths of 290µm, 905µm
and 3.22 mm for 75%, 22% and 3% of the events, respec-
tively.
The event is required to have a secondary vertex found

in at least one hemisphere. If a secondary vertex is re-
constructed in both hemispheres, each is used in turn to
determine the proper time in the respective hemisphere
(denoted as the same-side hemisphere in the following)
while the other (denoted as the opposite hemisphere) is
used for b tagging.

4.2 b tagging

Events containing a reconstructed secondary vertex are
further enriched in b events by means of a b tag using
information from the opposite hemisphere. The b tagging
is performed mainly by exploiting the longer lifetime of b
hadrons compared to other hadrons, but also by the pres-
ence of high-pT leptons from semileptonic decays and by
the mass of secondary vertices. If a secondary vertex is
reconstructed successfully in the opposite hemisphere as
described in the previous section, then the corresponding
decay length dvtx is calculated. For each track in this hemi-
sphere, the track momentum, the pseudorapidity with re-
spect to the jet direction and the χ2 difference between
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assigning the track to the reconstructed secondary ver-
tex and to the primary vertex are combined into a single
weight w using a neural network algorithm. These weights
quantify the probability for a track to have come from a
secondary or the primary vertex, and are used to associate
tracks with the secondary vertex and to calculate the re-
sulting vertex mass Mvtx. Furthermore, the probability
Phemi of the hemisphere being a b hemisphere based on
impact parameters of charged tracks is calculated as de-
scribed in [15]. Finally the transverse momentum pT of
lepton candidates selected as described in Sect. 2 is used
as a discriminating variable, making use of the fact that
leptons from semileptonic b decays have a harder pT spec-
trum than those from charm decays.
Depending on their availability, up to four variables

are then combined into a single discriminant using

Xbtag(x1, . . .) =
fb

∏
i Fi(xi)

fb
∏

i Fi(xi) + (1− fb)
∏

i Gi(xi)
. (15)

Here xi stands for the variables Phemi, dvtx, Mvtx and pT,
fb denotes the fraction of b events in the sample before
applying a b-tag cut and the functions F andG are defined
as the probability distributions of the variables xi for b
events and udsc events, respectively.
After an optimized cut onXbtag, 1 273 175 hemispheres

are selected as b candidates with a purity of 69% and an
efficiency of 70%. In addition, Xbtag is used as a discrim-
inating variable in the maximum likelihood fit described
in Sect. 4.5.

4.3 Proper time reconstruction

The momentum of the b hadron is reconstructed using a
nucleated jet algorithm similar to that described in
Sect. 3.1, with the tracks assigned to the b vertex used
as a seed. In order to take into account the missing energy
resolution, only a fraction of the missing energy is added.
The corresponding correction factor is parametrized as a
function of the missing energy and is chosen such as to
optimize the momentum resolution. The resulting resolu-
tion is a function of the true b-hadron momentum and is
9% on average for 92% of the events.
The b-hadron momentum is combined with the decay

length determined from vertexing to calculate the proper
time. In order to describe the non-Gaussian tails of the
proper time resolution correctly, the shape of the resolu-
tion functions used in the fitting procedure are determined
from Monte Carlo simulation as a function of true proper
time.

4.4 Initial state tagging

The extraction of the CP asymmetry from the recons-
tructed B0 candidates requires the determination of their
initial flavour state, i.e. whether they were produced as a
B0 or B̄0 state. For this purpose, up to four variables are
used, the first three of which are calculated for the oppo-
site hemisphere and one for the same-side hemisphere.

Table 4. Global charge offsets determined from data, with
their statistical uncertainties

Variable Offset

Qhemi 0.00256 ± 0.00015
Qvertex 0.00456 ± 0.00056
Qsum 0.0345 ± 0.0013

1. Hemisphere charge: Qhemi, as defined in (6).
2. Vertex charge: Qvertex =

∑
i wi qi, with weights wi

calculated as described in Sect. 4.2.
3. Signed lepton pT: If an electron or a muon is identi-
fied in the opposite hemisphere, the product of its charge
and transverse momentum pT with respect to the jet axis
is calculated after excluding the lepton from the jet. If
more than one lepton is found, the candidate with the
highest pT is used.
4. Charge sum: The variable Qsum is defined as the sum
of charges of all tracks in the same hemisphere with mo-
mentum greater than 0.5GeV/c, Qsum =

∑
i qi. Since the

sum of the charges of tracks originating from the decay
of a B0 or B̄0 is zero, Qsum carries information about the
initial flavour only.
Asymmetries in the charge distributions due to sec-

ondary interactions with detector material are removed
by subtracting offsets from Qsum, Qhemi and Qvertex prior
to the tagging procedure. The offsets are directly taken
from data, and are listed in Table 4. Another source of
charge asymmetries comes from different amounts of pos-
itively and negatively charged fake leptons. This effect is
however shown to be small compared to the uncertainties
mentioned above, and is taken into account in the evalu-
ation of the systematic error.
The four variables defined above are combined into a

single discriminant Xistag following the prescription used
for the b-tagging discriminant. Here the equivalent of fb

in (15) is set to 0.5. The distributions of the discrimi-
nating variables and of Xistag are displayed in Fig. 4. If
events with Xistag > 0.5 were tagged as B0d and those with
Xistag < 0.5 were tagged as B̄0d, 31% of the events would
be incorrectly tagged on average. The event-by-event value
of Xistag is used as a discriminating variable in the fitting
procedure described in the following section, resulting in
an effective mistag probability of 27%.

4.5 Fitting procedure

As described in Sect. 1, the CP violating parameter aCP
can be measured from the time-dependent asymmetry
A(t) in tagged samples of B0d and B̄0d. The time depen-
dence given in (4) assumes however an unbiased inclu-
sive B0d sample, i.e. equal reconstruction efficiencies for all
B0d decay modes. In the more general case of differently
weighted final states, the asymmetry takes the form [24]

A(t) = cCP sin (∆mdt)− aCP sin2
(
∆mdt

2

)
, (16)
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tagging. The open (hatched) histograms are for hemispheres
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where aCP denotes the semileptonic asymmetry, and cCP
is an additional CP violating parameter depending on the
relative contributions of different final states. The asym-
metry can thus be extracted from a two parameter fit,
where the parameter cCP takes into account different se-
lection efficiencies in the various B0d decay channels. In
case of an unbiased inclusive B0d sample, it is predicted to
be given by cCP = aCP∆md/(2Γd).
In this analysis, the asymmetry aCP is extracted by

means of an unbinned maximum likelihood fit to the
proper time distributions of tagged b-hadron candidates.
The different contributions to the selected b-hadron sam-
ple are grouped into four sources:

(1) mesons produced as B0d;
(2) mesons produced as B̄0d;
(3) other b hadrons;
(4) udsc background.

For the B0d and B̄
0
d signals, the probability distribution

of the true proper time t can be written as [7,24]

P1,2(t) = Γd exp(−Γd t)
[
1∓ aCP

2
(1− cos (∆md t))

±cCP sin (∆md t)
]
, (17)

where Γd = 1/τB0
d
is the inverse B0d lifetime and the upper

(lower) sign corresponds to B0d (B̄
0
d).

The proper time distribution for other b hadrons is
taken to be

P3(t) =
1
τ effb
exp(−t/τ effb ) , (18)

where τ effb denotes the effective lifetime for b hadrons other
than B0d which is taken from Monte Carlo.
The probability distributions of the reconstructed

proper time expected for b events, h1,2(trec) and h3(trec),
are obtained by convolving P1,2(t) and P3(t) with the cor-
responding resolution function and take into account the
weak dependence of the selection efficiency ε(t) on true
proper time. The efficiencies and resolution functions are
parametrized separately for the different b-hadron sources,
but independently of the various b decay modes.
The distribution h4(trec) of udsc background events,

which is determined from Monte Carlo, is directly para-
metrized as a function of reconstructed proper time.
In order to maximize the sensitivity on the CP vio-

lating parameter aCP, the event-by-event values of the
discriminating variables for b tagging and initial state
tagging are used in the likelihood function. The normal-
ized distributions of Xbtag, fj(Xbtag), are taken to be the
same for all b-hadron Sources 1–3, while the distributions
of Xistag, gj(Xistag), are parametrized separately for each
Source j.
The total likelihood function can then be written as

L(aCP, cCP) =
N events∏

i

4∑
j=1

αj fj(Xbtag,i)

×gj(Xistag,i)hj(trec,i) , (19)

where αj is the fraction of Source j determined from
Monte Carlo, with the production fractions of the individ-
ual b-hadron species taken from [21]. The above likelihood
expression assumes that the three variables Xbtag, Xistag
and trec are uncorrelated, a condition that is verified in
the Monte Carlo at the 1% level. Note that the depen-
dence on the fitted parameters aCP and cCP is contained
in h1,2(trec).

4.6 Results

The fitting procedure is tested on Monte Carlo samples
which were reweighted according to different values of aCP
and cCP, checking that the fit reproduces the input val-
ues. The data are fitted with all physical input parameters
fixed to the central values of their world averages [21]. A
one-parameter scan of aCP using the likelihood expression
described in the previous section, and with the constraint
cCP = aCP∆md/(2Γd) gives

aCP = 0.015± 0.033 (stat.) .
A second fit, in which both aCP and cCP are allowed to
vary independently, yields the result

aCP = 0.016± 0.034 (stat.) ,
cCP = 0.003± 0.017 (stat.) ,
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Fig. 5. Observed time-dependent asymmetry Aobs(trec) be-
tween tagged b̄ and b hemispheres, with the result of the fit
superimposed (dashed line). Also shown for illustration is the
predicted curve for aCP = 0.15 (dotted line)

where the correlation of the two parameters is 79%. No
significant shift is seen in the fitted value of aCP com-
pared to the one-parameter fit, while the value of cCP is
consistent with the assumption of an unbiased inclusive b
sample.
The time-dependent asymmetry of tagged b̄ and b

hemispheres (4) is shown in Fig. 5, with the result of the
measurement superimposed. For the purpose of display,
hemispheres with Xistag > 0.5 are taken to be b̄ (B0d) and
those with Xistag < 0.5 are taken to be b (B̄0d). No obvious
time-dependent structure is observed.

4.7 Systematic studies

The following sources of systematic uncertainties are con-
sidered.

Physics input parameters: The values of ∆md, τB0
d
,

and the production fraction of B0d are varied within their
world average errors [21] and the uncertainties are prop-
agated to the measured values of aCP and cCP. Similarly
the uncertainty arising from τ effb is obtained by varying
each of the contributing b-hadron lifetimes and produc-
tion fractions by its error.

b tagging: In order to estimate the systematic error due
to the b tagging, a fit for the udsc background fraction is
performed with all other parameters fixed and ignoring the
initial state tagging information. This fit also provides a
consistency check of the background parametrization. The
fitted value is found to be 0.333±0.001, compared to 0.310
as determined from Monte Carlo. The change of aCP and
cCP obtained by varying the background fraction by twice
the difference between the fitted and simulated values is
taken as a systematic error.

Proper time resolution: The measurement is hardly
sensitive to the proper time resolution, as the character-
istic time scale of the signal O(1/∆md) is much larger
than the average resolution of approximately 0.2 ps. The
sensitivity is estimated by varying the proper time reso-
lution used in the likelihood function by ±5% indepen-
dently of the true proper time, and by using alternative

Fig. 6. Distribution of the initial state tagging variable Xistag

for b and b̄ enriched hemispheres in data (points) and Monte
Carlo (histograms)

Table 6. Shifts in the mean values and the scale factors,
with their statistical uncertainties, representing the difference
between real and simulated charge distributions

Variable δ S

Qhemi +0.0023 ± 0.0015 1.007 ± 0.007
Qvertex −0.0050 ± 0.0069 1.009 ± 0.006
Qsum +0.011 ± 0.011 1.023 ± 0.006

parametrizations for the resolution functions. None of
these variations leads to a change of the measured value
of aCP and cCP greater than 10−4.

Initial state tagging: To check the accuracy of the sim-
ulation with respect to the tagging discriminant Xistag, a
comparison between data and Monte Carlo is performed.
For this purpose, pure samples of b and b̄ hemispheres are
selected as described in Sect. 3.2.
The distributions of Xistag in data and Monte Carlo

are shown in Fig. 6, with no significant discrepancies. The
systematic error on the initial state tagging is assessed by
varying the associated discriminating variables according
to their estimated uncertainties. The variations are then
propagated to the Xistag distributions.
The tagging power of Qhemi, Qsum and Qvertex is de-

termined by the charge separation between b and b̄ hemi-
spheres, given by the difference of the mean values µ and
the widths σ of the charge distributions. The charge dis-
tributions obtained from data and Monte Carlo are com-
pared using the event sample mentioned above. A dis-
crepancy is parametrized in terms of a scaling factor S
and a shift δ as defined in Sect. 3.2, except that for Qsum
and Qvertex the mean values and the standard deviations
of the distributions are used rather than the fitted pa-
rameters of a Gaussian function. The charge distributions
are then modified according to the observed discrepancies
listed in Table 6 or the statistical uncertainty, whichever
is larger. Furthermore, the global charge offsets obtained
from data are varied within their statistical uncertainties
(Table 4).
The power of the signed lepton pT as a discriminating

variable is mainly determined by the fraction of cascade
decays b → c → �+ compared to direct decays b → �−.
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Table 5. Summary of systematic errors evaluated on aCP and cCP

Source ∆aCP ∆cCP

b-hadron lifetimes +0.0025 −0.0011 +0.0011 −0.0004
b-hadron fractions +0.0025 −0.0025 +0.0012 −0.0012
∆md +0.0004 −0.0008 +0.0010 −0.0011

Proper-time resolution < 0.0001 < 0.0001 < 0.0001 < 0.0001
b tagging +0.0010 −0.0010 +0.0004 −0.0004

Hemisphere/vertex charge offsets +0.0043 −0.0047 +0.0092 −0.0096
Hemisphere/vertex charge scaling +0.0070 −0.0053 −0.0025 −0.0019
Fake lepton asymmetry < 0.0001 < 0.0001 +0.0002 −0.0002
b → c → � fraction +0.0003 −0.0003 +0.0001 −0.0001

Quadratic sum +0.0090 −0.0077 +0.0097 −0.0099

This fraction is scaled within its quoted error and the
Monte Carlo events that are used to determine the cor-
responding tagging distributions are reweighted accord-
ingly. Another source of uncertainties is due to misidenti-
fied hadrons (fake leptons), which induce a charge asym-
metry in the pT distributions. The amount of fake muon
candidates (which give the main effect) is varied by the
observed difference between data and Monte Carlo, deter-
mined as described in Sect. 2.
The systematic errors discussed above are summarized

in Table 5. The final results determined from the two-
parameter fit are

aCP = 0.016 ± 0.034 (stat.) ± 0.009 (syst.) ,
cCP = 0.003 ± 0.017 (stat.) ± 0.010 (syst.) .

5 Combination of the results

The procedure adopted here to combine the correlated
measurements obtained from the semileptonic and fully
inclusive analyses follows that of the BLUE (Best Lin-
ear Unbiased Estimator) technique [25]. Correlations arise
from the fact that the two analyses are based on partially
overlapping event samples, as well as from certain system-
atic uncertainties.
The statistical correlations are estimated using toy

Monte Carlo experiments. Events are generated accord-
ing to the chosen b-hadron and background composition.
For each b event, a true proper time is generated using
the predicted proper time distributions, including the ef-
fects of mixing and CP violation. Effects of the detector
resolution are taken into account by smearing the gener-
ated values according to the appropriate resolution func-
tions. Initial and final state tags are assigned to each
hemisphere, with the tagging-discriminant distributions
and correlations between tagging results in both analy-
ses taken from the full Monte Carlo simulation. Finally,
selection criteria are applied such that the overlap between
both analyses is the same as in the actual data. Each of
the toy experiments is then subjected to an unbinned fit
using the likelihood expressions described in Sects. 3.3 and

4.5. Using toy experiments, the correlation is found to be
ρ = 0.08± 0.01 (stat.).
The reliability of the above estimate is checked by

varying the relevant input parameters and by changing
a variety of model assumptions in the simulation. None of
these checks gives a change in the value of ρ greater than
±0.03.
Common systematic uncertainties that are not explic-

itly related to a single shared parameter are conservatively
treated as fully correlated. Errors are symmetrized prior
to the combination procedure, using the largest absolute
value of the positive and negative uncertainties.
Combining the two results following the BLUE pre-

scription gives the result

aCP = −0.013± 0.026 ,
where the quoted error comprises both statistical and sys-
tematic uncertainties. The error on the statistical correla-
tion determined as described above is included in the final
uncertainties quoted for aCP.
As a check, the combination is repeated assuming fully

correlated or uncorrelated systematic uncertainties. This
leads to a shift in aCP of ±0.0003 and to a change in
the total error of ±0.0004, demonstrating that the result
of the combination is very robust with respect to model
assumptions and to the detailed treatment of correlated
systematic uncertainties.

6 Conclusions

Using 4.1 million hadronic Z decays collected with the
ALEPH detector at LEP, a search for mixing-induced CP
violation in the B0d–B̄

0
d system has been performed. Two

measurements of the CP observable aCP have been ex-
tracted from data by investigating time-dependent asym-
metries in semileptonic and fully inclusive B0d decays. No
significant asymmetry is observed, and the following re-
sults for aCP are obtained:

aCP = −0.037± 0.032± 0.007 (semileptonic analysis) ,
aCP = +0.016± 0.034± 0.009 (fully inclusive analysis) .
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The two measurements are averaged to yield

aCP = −0.013± 0.026 ,
where the statistical and systematic uncertainties are com-
bined.
This value can be translated into a measurement of the

CP violating parameter Re εB, where εB = (p − q)/(p +
q) is another commonly used parameter to describe CP
violation in the mixing. Using the relation

aCP ≈ 4Re εB
1 + |εB|2 (20)

one obtains

Re εB
1 + |εB|2 = −0.003± 0.007 .

These results are consistent with measurements from
OPAL [26,27], CLEO [28] and CDF [29].
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