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A. Venturi, P.G. Verdini
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Abstract. The full statistics of hadronic Z decays collected with the ALEPH detector are analysed to
measure, by three methods, the ratio, Rc, of the partial decay width of the Z into cc̄ quarks to the
total hadronic width. One method uses the inclusive p and p⊥ spectra of electrons. The other two use a
double-tagging technique to measure Rc independently of the charm-tagging efficiency. In one, the tagging
procedure uses the reconstruction of high momentum charmed mesons (D∗+, D+ and D0) to detect the
charm quarks. In the other, a charm quark is tagged from the D∗’s reconstructed in the D∗+ → π+D0

decay channel and the other from the slow pion from the D∗− → π−D̄0 decay. The combination of these
measurements leads to Rc = Γ(Z → cc̄)/Γ(Z → hadrons)) = 0.1681 ± 0.0054(stat) ± 0.0062(syst).
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1 Introduction

The measurement of the ratio Rc = Γ (Z → cc̄)/Γ (Z →
hadrons) provides an important test of the Standard Model
because it is virtually independent of the value of top
quark mass as well as of supersymmetric extensions of the
Standard Model as the one-loop corrections to the prop-
agator cancel in the ratio. The small residual dependence
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comes from the bb̄ vertex in the denominator. A depar-
ture from the Standard Model prediction would therefore
be a hint for exotic physics [1]. Experimentally the ratio
of the partial widths, Rc, is measured from the ratio of the
cross-sections, with a small correction due to the photon
exchange diagram.

In this paper the results from three different measure-
ments of Rc are presented. The full statistics collected by
the ALEPH detector between 1991 and 1995 are used,
about four millions hadronic Z decays, selected as de-
scribed in [2].

The first analysis employs the measurement of the
yield of hadronic events in which electrons are identified.
The measurement relies on accurate studies of the electron
identification performance including the main sources of
non-prompt electrons which are converted photons and
misidentified hadrons. The kinematic distributions of the
electrons allow the discrimination of the different contri-
butions to the selected sample. The b contribution is mea-
sured directly with data by means of a double-tagging
technique. This analysis is then limited by both the knowl-
edge of the semileptonic c branching ratio and the mod-
elling of the c → e spectrum.

The two other analyses rely on double-tagging tech-
niques to measure Rc independently of the charm-tagging
efficiency. They both use high momentum charmed mesons
to identify the two quarks from a Z → cc̄ decay. The
Z → bb̄ contribution to the selected D sample is mea-
sured with data by exploiting the long lifetime and high
mass of b hadrons. In the first of these methods, the ex-
clusive reconstruction of charmed meson D∗+, D+ and D0

decays1 allows a D meson tag to be performed on a hemi-
sphere basis. The second method benefits from the high
efficiency of an inclusive D∗+ selection. The small Q value
of the decay D∗+ → π+D0 allows the identification of the
D∗+ by requiring a slow pion at low transverse momentum
with respect to the D∗+ line of flight, which is measured
by the direction of the jet to which the pion belongs. This
slow pion tag is used as a second tag once a D∗− is recon-
structed in the opposite hemisphere.

2 The ALEPH detector

A detailed description of the ALEPH detector and its per-
formance can be found in [3] and [4]. Only a brief review
is given here.

1 Charge conjugation implied throughout
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Charged particles are detected in the central part of
the detector, consisting of a two-layer silicon vertex detec-
tor (vdet) with double-sided (r-φ and z) readout, a cylin-
drical drift chamber and a large time projection cham-
ber (tpc), which together measure up to 33 coordinates
along the charged particle trajectories. Tracking is per-
formed in a 1.5 T magnetic field provided by a supercon-
ducting solenoid. The combined system yields a transverse
momentum resolution of ∆p⊥/p⊥ = 6 × 10−4p⊥ ⊕ 0.005
(p⊥ in GeV/c) and the impact parameter resolution is
25 ⊕ 95/p µm (p in GeV/c) in both the r-φ and z views.
The tpc also provides up to 338 measurements of ioniza-
tion (dE/dx) allowing particle identification.

The electromagnetic calorimeter is a lead/wire-
chamber sandwich operated in proportional mode. It is
read out in projective towers of typically 15 × 15 mrad2

size segmented in three longitudinal sections. It is used
together with dE/dx measurements in the tpc to iden-
tify electrons. The iron return yoke is instrumented with
streamer tubes to provide a measurement of the hadronic
energy and, together with external chambers, of muon
identification.

3 Measurement of Rc from inclusive electrons

This analysis relies heavily on the identification of low mo-
mentum leptons. Muon candidates were not considered
since in the low momentum region the background con-
tamination is high compared to that for electrons.

3.1 Data analysis

Electrons are identified in hadronic events according to the
criteria described in [5], with the momentum cut lowered
to 2 GeV/c. Only events with | cos θthrust| ≤ 0.7 are con-
sidered, which corresponds to the vdet acceptance. The
selection of hadronic events and the acceptance cut induce,
according to the Monte-Carlo simulation, a (0.1 ± 0.1)%
bias in favour of cc̄ events, which is corrected for when
measuring Rc. A sample of 168887 electron candidates is
selected from 3.7 million hadronic events collected during
the 1992-1995 data taking period. Candidates come from
b and c semileptonic decays, cascade decays b → c → e, τ
and Ψ decays, non prompt-electron sources and misiden-
tified hadrons. The momentum p and the transverse mo-
mentum p⊥ of the electron candidates are used to sepa-
rate the different contributions to the sample. The trans-
verse momentum is defined with respect to the jet to
which the electron candidate belongs. Best discrimination
is achieved by calculating the jet axis after removing the
selected electron candidate and by using both neutral and
charged particles in the jet definition [5].

The density of selected electron candidates for each
hadronic Z decay P(p, p⊥) is expressed as

P(p, p⊥) = RbPb;e(p, p⊥) + RcPc→e(p, p⊥)

+(1 − Rb)Pback
udsc (p, p⊥) ,

where Pb;e(p, p⊥) is the density of electron candidates
from all sources for each Z → bb̄ event, Pc→e(p, p⊥) is
the density of prompt electrons for each Z → cc̄ event,
Pback

udsc (p, p⊥) is the density of background to prompt elec-
tron for each Z → qq̄ event, with q = u, d, s or c. Using the
forms of these densities as determined in the following sec-
tions, Rc is obtained from a binned maximum likelihood
fit to the P(p, p⊥) distribution in the data.

3.2 Determination of Pb;e(p, p⊥)

The electron candidate density Pb;e(p, p⊥) for the b com-
ponent is measured directly on data, from a pure bb̄ sam-
ple, as in [6]. The events are divided into hemispheres de-
fined by the plane orthogonal to the thrust axis, and a cut
on a lifetime tagging probability [7] is applied to obtain
a sample of hemispheres enriched in b events, N tag

hemi. The
cut used results in a selection efficiency for the identifica-
tion of Z → bb̄ events with | cos θthrust| ≤ 0.7 of 25% [7]
and a purity, P b

hemi, greater than 96%. Electron candi-
dates are searched for in the hemisphere opposite to the
tagged one. After this requirement the purity, P b

e (p, p⊥),
is greater than 98%. The (p, p⊥) spectrum is measured to
give N tag

e (p, p⊥).
The b density, Pb;e(p, p⊥), is given by the formula:

Pb;e(p, p⊥) = (1 + ρ(p, p⊥)) × N tag
e (p, p⊥)P b

e (p, p⊥)
N tag

hemiP
b
hemi

The ρ(p, p⊥) parameter corrects for any bias which may be
introduced as a result of the cut on the lifetime tagging
probability in the opposite hemisphere. This and other
uncertainties, such as those arising from udsc contamina-
tion of the b electron candidate sample are investigated in
Sect. 3.5.

The normalization of the b content in the overall se-
lected electron candidate sample is governed by Rb. In
the fit the absolute normalization of the b contribution
has been left free, since the b electron candidate spectrum
is very well determined and well separated kinematically
from the other flavours. Hence this Rc measurement does
not depend on Rb.

3.3 Determination of Pc→e(p, p⊥)

The density Pc→e(p, p⊥) is not directly measured from
ALEPH data. It can be rewritten in the following form:

Pc→e(p, p⊥) = B(c → e)Fc→e(p, p⊥)ε(p, p⊥),

where ε(p, p⊥) is the efficiency, obtained from data [4,
5], to detect and identify an electron, and Fc→e(p, p⊥)
is the normalized spectrum of electrons coming from the
semileptonic decay of a primary charmed hadron. Two
processes determine Fc→e(p, p⊥): c-quark fragmentation
and charmed hadron semileptonic decays. The functional
form of the c-quark fragmentation in the Monte Carlo is
taken from [8] with the mean fractional energy of the pri-
mary c hadron 〈Xc〉 ≡ Ehad/Ebeam as a free parameter.
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For the charm semileptonic decay spectrum Monte Carlo
events are re-weighted to reproduce the average spectrum
measured by Delco and Mark III [9].

For the semileptonic branching ratio B(c → e) the
average of measurements from lower energy experiments,
B(c → e) = 0.098 ± 0.005 [9], is used.

3.4 Determination of Pback
udsc (p, p⊥)

Two main processes contribute to this last component:
electrons from converted photons or Dalitz π0 decays (in
which only one electron of the pair is identified) and
hadrons faking electrons. These two backgrounds have
been studied directly in the data as a function of p and
p⊥ [4,5].

The contamination of hadrons faking electrons is de-
termined from a comparison of the dE/dx and calorimeter
information. The p and p⊥ distributions of electrons from
converted photons are measured, in qq̄ events, when both
electrons of the pair are identified. By comparison with
an equivalent Monte Carlo sample, correction factors are
obtained and applied to photon conversions with only one
identified electron. As electrons from converted photons or
Dalitz π0 decays constitute the main background to the
c → e process, their absolute normalization is also fitted
to the data.

A residual background, determined from the Monte-
Carlo, is due to the decays of light hadrons. A small back-
ground component originating from semileptonic decays of
heavy flavour produced in gluon splitting is also included
in Pback

udsc (p, p⊥). More details on the gluon splitting rate
are given in Sect. 4.1.4.

3.5 Systematics

3.5.1 Pb;e(p, p⊥) systematics

The cut on the lifetime tagging probability biases the lep-
ton spectra because of momentum and geometrical corre-
lations between hemispheres. While knowledge of the total
correlation is not relevant - since it is part of the fitted b
normalization - the distortion of the (p, p⊥) spectrum due
to the variation of the correlation ρ(p, p⊥) must be inves-
tigated.

Figure 1a and b shows the ratio of the spectra – biased
and unbiased – measured in a full Monte Carlo simulation
for three values of the lifetime tagging probability as a
function of the transverse momentum and momentum of
electrons. Within the statistical error, no significant bias
is observed at the P cut

H value used in the analysis (10−4).
The statistical accuracy of this test is used to assign a
systematic error. Distortions due to the B hadron mo-
mentum correlations were found to be negligible (effect
on Rc < 0.0001). Additionally, an attempt was made to
extract information on the distortion from data. A soft
cut on the lifetime tagging probability was applied in one
hemisphere in order to have a pure (≈ 80%) and less bi-
ased sample of b - the non b background component has
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Fig. 1. Ratio of the spectra of the electron candidates, bi-
ased/unbiased, as a function of the transverse momentum a
and momentum of electrons b, measured in a full Monte Carlo
simulation for three cut values of the lifetime tagging prob-
ability P cut

H = 10−2, 10−3, 10−4 denoted respectively by dots,
triangles and white squares. The latter represent the value used
in the analysis

been subtracted by making use of the Monte Carlo pre-
dictions. The electron spectra in the opposite hemisphere
were then compared to the spectra of the reference sam-
ple. Again, no significant discrepancy is observed and the
statistical power of the test is used to assign an additional
systematic error. These errors are referred to as “correla-
tions” in Table 1.

An additional systematic error is caused by the con-
tamination of the b electron sample by udsc events. This
depends on (p, p⊥) but is always less than 2%. The result-
ing systematic error is dominated by charm. It is deter-
mined as in [7] and is denoted “b tagging” in Table 1.

3.5.2 Pc→e(p, p⊥) systematics

Four sources of uncertainties, in addition to the uncertain-
ties on the B(c → e) quantity, have been studied for the
c → e process. In decreasing order of importance they are:

– The modelling uncertainty is studied by varying, within
their errors, the parameters of the ACCMM model [10]
of the c-hadron semileptonic decay fitted to the Delco
and Mark III data. The prescription used is that of
the LEP Electroweak Working Group [9] and the re-
sulting error is referred as “c decay modelling” in Ta-
ble 1.

– The electron identification efficiency is measured di-
rectly from the data as a function of (p,p⊥) with an
accuracy of 1.5%, following the method of [4,5].

– A third source of uncertainty concerns the simulation
of the fragmentation tracks in the jet containing the
electron, which contribute to build up the jet axis with
the tracks coming from the c-hadron decay. It has been
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Fig. 2. Result of the fit to the single electron sample, after subtraction of the b component (taken from data), as a function of
p a and p⊥ b

studied by selecting fast D∗ as in [11]. The angle be-
tween the D∗ and the jet is measured from the data and
compared with Monte Carlo expectation. The compar-
ison provides an estimate of the associated error and
is referred to as “jet modelling” in Table 1.

– Although the c-hadron mean energy is measured si-
multaneously with Rc, the choice of the Peterson frag-
mentation scheme introduces a systematic uncertainty,
which has been estimated by performing the measure-
ment with two alternative fragmentation models
(Collins [12] and Kartvelishvili [13]). The error is re-
ferred to as “fragmentation modelling” in Table 1.

3.5.3 Pback
udsc (p, p⊥) systematics

Two types of systematic uncertainties can be distinguished:
the knowledge of the total amount of background – here
only the number of hadrons faking electrons is considered
since the number of electrons from converted photons is
fitted – and the knowledge of the shape of its (p, p⊥) distri-
bution. For each type of background, the data are used to
measure the (p, p⊥) distributions and the statistical pre-
cision of these measurements gives one part of the error.
Another part comes from the fact that the (p, p⊥) distri-
butions are measured when all types of quarks are pro-
duced while only u, d, s or c quarks are considered for
Pback

udsc (p, p⊥). Consequently the shapes of the (p, p⊥) dis-
tributions are specifically studied in a b-enriched sample
selected as described in Sect. 3.2. They are found to be
the same within the statistical errors. These statistical er-
rors are taken as systematics. These errors are referred to
as “misidentified hadrons shape” and “electron conversion
shape” in Table 1.

Table 1. List of the errors on the measurement of Rc

Source ∆Rc

correlations ±0.0009
b tagging ±0.0002
c decay modelling ±0.0039
electron ID efficiency ±0.0023
jet modelling ±0.0014
fragmentation modelling ±0.0013
amount of misidentified hadrons ±0.0022
misidentified hadrons shape ±0.0020
electron conversion shape ±0.0013
gluon splitting ±0.0004

B(c → e) ±0.0084

TOTAL stat ±0.0062

3.6 Results

The normalization of the b and non-prompt electron com-
ponents, as well as 〈Xc〉 are measured simultaneously with
Rc by fitting the (p, p⊥) distributions to the data. The sta-
tistical errors on the determination of the shape of the b
component and the non-prompt electron background are
included in the fit. The following result is found:

RcB(c → e) = 0.01645 ± 0.00061(stat.) ± 0.00059(syst.) ,

leading to

Rc = 0.1675±0.0062(stat.)±0.0060(syst.)±0.0084(BR) ,

where the last uncertainty comes from B(c → e). A small
correction of −3 × 10−4 is applied to this result, and
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throughout the rest of the paper, to subtract the pho-
ton exchange diagram contribution. The mean fraction of
energy carried by the primary charmed hadron after frag-
mentation is found to be 〈Xc〉 = 0.504 ± 0.010, in good
agreement with the previous ALEPH publications [14,15]
and the current world average [6]. The correlation between
these two quantities is −0.33. The main systematic errors
are summarised in Table 1. Figure 2 shows the fit result
projected onto the p and p⊥ axes, after the b component
is subtracted, with χ2/dof = 1.1.

Although still systematically limited, this new anal-
ysis has much improved the systematics with respect to
the previous ALEPH measurements of Rc with leptons,
performed on the data collected in 1990 and 1991 [14].

4 Measurement of Rc

with a double charm-tagging method

Two analyses relying on a double-tagging technique using
D mesons as a signature of charm production are per-
formed using around 4.1 million hadronic events collected
from 1991 to 1995. The double-tagging technique offers the
advantage of being independent of the tagging efficiency.
Each event is divided into two hemispheres according to
the plane orthogonal to thrust axis direction, determined
using both charged tracks and neutral energy clusters re-
constructed in the calorimeter. A D meson is then searched
for in each hemisphere, either by full reconstruction in an
exclusive decay mode or by an inclusive identification us-
ing the slow pion from the D∗+ →D0π+

s decay.
Charmed mesons are produced both from c and b

quarks, the tagging efficiency ξq is

ξq = P (q → D)BDεq→D ,

where P (q → D) is the probability that a D meson is
produced from the heavy quark q, BD is the branching
ratio for the decay channel considered, and εq→D is the
identification efficiency. After background subtraction, the
number of single-tagged hemispheres and double-tagged
events, respectively Ns and Nd, are

Ns = 2NH(Rcξc + Rbξb) ,

Nd = NH [Rcξ
2
c (1 + ρ) + Rbξ2

bκmix] ,
(1)

where NH is the number of hadronic events, ρ accounts for
a correlation in tagging efficiency between the hemispheres
in charm events, and κmix is a correction for the mixing
in b events. This correction is needed because in double-
tagged events opposite charge c quarks are searched for. In
the above formula the effect of the gluon splitting g → qq̄
and the correlation ρb in b events are neglected, neverthe-
less they are taken into account in the final result.

The D candidates are required to have high momentum
in order to reject charmed mesons produced in b hadron
decays. In both analyses the charm fraction in the single-
tagged sample,

fc =
Rc ξc

Rc ξc + Rbξb
,

is directly measured from the data using the lifetime tag.
This enables the b hemisphere tagging efficiency, ξb, to be
eliminated from (1), which becomes

Ns = 2NHRcξc/fc ,

Nd = NHRcξ
2
c
[
1 + ρ + κmixRc(1 − fc)2/(Rbf2

c )
]

.
(2)

The two equations are then solved for Rc and the tagging
efficiency ξc.

In the first analysis both the single and double tagging
require the reconstruction of high energy D mesons (D∗+,
D0 or D+). In the double-tag the D meson candidates are
required to have opposite charm quark charge. The sec-
ond analysis uses instead a mixed double-tagging where,
opposite to a reconstructed D∗+, a D∗− is identified by
inclusively searching for a slow π−. The above equations
are then slightly modified as described in Sect. 4.2.

The method where both charm quarks are tagged by
an exclusive reconstruction of two D mesons has a very
low background but is limited by signal statistics. Us-
ing one inclusive tagging increases the number of double-
tagged events but the statistical uncertainty is dominated
by background fluctuations. As a consequence the two
methods are almost completely statistically uncorrelated.

The charm fraction is measured by applying, oppo-
site to the reconstructed D mesons, a lifetime-mass tag-
ging [16] designed to select b hemispheres with 99% purity.
The charm fraction is deduced from

Nb-tag
s = Ns [fcεcc̄ + (1 − fc)εbb̄] (3)

where Nb-tag
s is the number of single-tagged events that

survive the b-tagging cut, and εbb̄ and εcc̄ are the b-
tagging efficiencies respectively for b and charm hemi-
spheres.

The correlation ρ is taken from Monte Carlo simula-
tion. Two main sources contribute to the correlation. The
first is the detector acceptance, which depends on the an-
gle of the D meson with respect to the beam axis. Since
the two charm quarks are emitted nearly back-to-back,
when a D meson is tagged in one hemisphere, the efficiency
for tagging in the opposite hemisphere is increased. The
second source of correlation is related to gluon emission,
which induces a positive momentum correlation between
the two primary quarks [17]. The efficiency to select a D is
higher if a high momentum D is selected on the opposite
hemisphere.

The Rb value used is 0.2159 [16]. The correction κmix
takes into account neutral B meson mixing and the b →
cW−, W− → c̄s decay probability. These two processes
produce a D meson of “wrong” charge which is rejected
in the double-tagged sample.

4.1 Double tagging with fully reconstructed D mesons

According to (2), when the same charm tagging is applied
in both hemispheres, the expression for Rc is

Rc =
f2
c (1 + ρ)

4NHNd/N2
s − κmix(1 − fc)2/Rb

, (4)
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independent of the tagging efficiencies. Three quantities
must therefore be determined from the data to measure
Rc: the number of reconstructed D mesons, Ns, the charm
fraction fc in the sample, and the number of double-tagged
events, Nd. The numbers of tags Ns and Nd are evaluated
from the invariant mass spectra of the D meson candi-
dates while fc is determined using the lifetime-mass tag
as explained in the previous section.

In order to increase the statistics of the double-tagged
sample, the tagging is performed with a D∗+, a D0 or a
D+. Any combination of two of these mesons, with op-
posite charm quantum number, is considered a double-
tagging.

The result for Rc depends on Rb through the term
κmix(1 − fc)2/Rb, which takes into account the D mesons
produced in Z → bb̄ events. This dependence is strongly
reduced by selecting a high purity sample of D mesons
from Z → cc̄ events.

4.1.1 Selection of D meson candidates

The D mesons are selected in the following decay channels:
D∗+→ π+

s D0 with
D0 → K−π+ , D0 → K−π+π0 , D0 → K−π−π+π+;

D0 → K−π+;
D+ → K−π+π+.

The selection of the channels D∗+ → π+
s D0, with D0 →

K−π+ and D0 → K−π+π−π+ follows the same lines
as in [18]. In order to further reduce the combinatorial
background in the four-body case the dE/dx probability
for the kaon candidate to be a kaon, PK, is required to be
greater than the probability to be a pion, Pπ.

The channel D∗+ → π+
s D0 → π+

s K−π+π0 is se-
lected in two different ways. In a first selection, the π0 is
reconstructed from combinations of two photons detected
in the electromagnetic calorimeter. Reference [15] contains
a detailed description of the selection. In a second selec-
tion (D∗ → πsD0 → πsKπ(π0)), the π0 is not used in the
D0 reconstruction. This recovers the D0’s where the π0 is
of too low momentum to be reconstructed. The selection
is described in detail in [18]. Candidates common to both
selections are counted once.

The D0 → K−π+ sample is obtained from the pair-
ing of two charged tracks. The kaon candidate is required
to have a momentum greater than 3 GeV/c and the pion
greater than 2.5 GeV/c. The mass window to select the D0

candidate is restricted to 1.841 < MD0 < 1.889 GeV/c2,
corresponding to approximately twice the invariant mass
resolution. The tracks associated to the D0 must come
from a common vertex. The vertex position is used to re-
construct the D0 proper time tD0 . This D0 proper time
and, when available, the ionization measurement for the
kaon track, are used to reject the background by keeping
candidates with tD0 > 0.05 ps and PK > Pπ. D0 candi-
dates originating from a D∗+ are rejected by adding a π+

track to the D0 system and removing combinations with
∆M = MD∗ − MD0 < 0.15 GeV/c2.

For the D+ → K−π+π+ mode, a combination of
three charged tracks is examined, with pion mass assign-

ments for the two tracks with the same sign and a kaon
mass assignment for the remaining track. The kaon must
have a momentum greater than 3.5 GeV/c and one pion
must have a momentum greater than 1.5 GeV/c. The in-
variant mass of the system is required to be within
30 MeV/c2 of the D+ mass, corresponding to approxi-
mately twice the invariant mass resolution. D+ candidates
consistent with the decay D∗+ → π+

s D0 → π+
s K−π+X

(X being mainly a π0) are removed by a cut ∆M ≡
MKππ − max [M(Kπ1), M(Kπ2)] > 0.15 GeV/c2, where
M(Kπ1) and M(Kπ2) are the invariant masses of the two
Kπ combinations. All combinations are retained for which
the three tracks originate at a common vertex, the re-
constructed D+ proper time is greater than 0.2 ps and
the dE/dx measurement for the kaon candidate satisfies
PK > Pπ.

In order to enrich the sample in D mesons originating
from Z → cc̄, the D fractional energy XE(D) ≡ ED/Ebeam
is required to be greater than 0.5 except for the channel
D∗ → πsD0 → πsKπ(π0), for which the XE cut is lowered
to 0.42 to take into account the missing π0. The b →
DX contribution is further reduced by requiring that each
track in the D hemisphere, except D decay products, be
consistent with originating from the primary vertex with
a probability greater than 5%.

For each event, only one candidate of a given charm
quark charge is kept per hemisphere. Multiple candidates
(‘same-sign’ D candidates in the same hemisphere) are re-
solved by selecting the D0 candidate with the mass closest
to the D0 mass for the D∗+ channels and by selecting the
candidate with the largest decay length for the D0 and
D+ channels. The remaining combinatorial background
contributions are estimated as in [18], the background
shapes being taken from Monte Carlo simulation. The fi-
nal invariant mass spectrum for each channel is shown
in Fig. 3. This selection leads to a single-tag sample of
Ns = 30029 ± 239 ± 83 D mesons, where the first error is
statistical and the second is systematic coming from the
background estimation.

4.1.2 Estimate of the charm fraction

The charm fraction in the single-tag sample is determined
from the data according to (3), by means of a b tag [16]
applied to the hemisphere opposite to the D meson can-
didate. Events outside the vdet acceptance are removed
by requiring | cos θthrust| < 0.7. A correction factor, esti-
mated from Monte Carlo, is applied to extrapolate fc to
the whole acceptance. The requirement of a high-energy
D meson in the first hemisphere reduces the fraction of
events with hard gluon radiation in the sample, which
in turn increases the tagging probability in the opposite
hemisphere. To allow for this the tagging efficiencies are
modified by a correction γ calculated from Monte Carlo:

εcc̄ = ε0cc̄(1 + γcc̄) εbb̄ = ε0bb̄(1 + γbb̄)
ε0cc̄ = 0.00436 ± 0.00031 ε0bb̄ = 0.2271 ± 0.0016
γcc̄ = 0.00 ± 0.09 γbb̄ = 0.051 ± 0.018stat

± 0.019model
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Fig. 3. Measured invariant mass distributions: a D∗ → πsD0 channels,
b D+ → Kππ channel, c D0 → Kπ channel. The solid line represents the
background, estimated from the Monte Carlo simulation

The b-tag efficiency ε0bb̄ on Z → bb̄ events is taken from
data while the efficiency ε0cc̄ on Z → cc̄ events is obtained
from a Monte Carlo simulation [16]. The uncertainties on
the correction factors come from the limited Monte Carlo
statistics and from the uncertainties in the simulation of
gluon emission. The last uncertainty is assessed by study-
ing, in data and simulation, the momentum pJET of the
most energetic jet in a hemisphere, a quantity sensitive
to the gluon radiation. As shown in Fig. 4a for simulated
bb̄ events, the pJET mean value is higher when a D∗± is
reconstructed in the opposite hemisphere. Together with
the dependence of the b tag efficiency on the pJET value
(Fig. 4b), this difference accounts for the correlation. Fig-
ures 4c and d compare the data and the Monte Carlo simu-
lation. The systematic uncertainties on the correlation are
estimated by weighting the b tag efficiency for the ratio
between data and Monte Carlo distributions. The overall
charm fraction in the single-tag sample is then found to
be fc = 0.890 ± 0.015(stat.) ± 0.005(syst.).

4.1.3 The double-tag sample

Within the single-tag sample, pairs of candidates from
the same event are searched for. These double-tag events
are retained if the two D meson candidates have oppo-
site charm quark charge and are in opposite hemispheres.
The resulting D∗+, D+ and D0 invariant mass spectra are
shown in Fig. 5, with 428 candidates in the mass windows.

In addition to the signal containing two genuine D
mesons, two other kind of events populate the double-tag
sample. The first contribution [D-fake] comes from events
where a random combination faking a D is associated with
a genuine D in the other hemisphere. A smaller contribu-
tion [fake-fake] consists of events where two fake D’s are se-
lected. In order to estimate the size of these contributions,
a pure combinatorial background single-tag sample is built
by selecting candidates in sideband regions of the invari-
ant mass spectra. The search for a second D meson is then
repeated in these events, giving the numbers of [D-fake]
and [fake-fake] candidates, after normalizing the selected
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Fig. 4. The momentum pJET of the most energetic jet a and
the b-tagging efficiency in bins of pJET b in a bb̄ Monte Carlo
sample. The black dots represent the inclusive sample and the
white dots the hemispheres opposite to reconstructed D∗±’s,
c and d compare the data (points with errors bars) and the
Monte Carlo simulation (full histogram). In c the momentum
of the most energetic jet in the hemisphere opposite to a re-
constructed D∗+ → D0π+

s , D0 → K−π+ decay is shown. The
background is subtracted using the distributions in the side-
bands. The fraction of cc̄ and bb̄ events in the Monte Carlo
simulation is fixed to the measured value. In d the data sam-
ple is 99% enriched in b content by applying the b-tag on the
opposite hemisphere and the Monte Carlo is a pure bb̄ sample

sample to the expected background in the signal mass win-
dows. The number of events with a D meson in both hemi-
spheres is then found to be Nd = 296.3 ± 20.7 ± 12.0. The
second error is systematic, due to the uncertainty on the
background estimation.

4.1.4 Determination of Rc

The two D mesons in the double-tag events are corre-
lated in momentum and direction, leading to a correla-
tion in tagging efficiency. According to Monte Carlo sim-
ulation, the overall correlation term ρ (4) has the value
ρ = 0.180 ± 0.024, where the quoted error arises from the
limited number of Monte Carlo events with two D mesons
decaying in the channels studied. Systematic errors arise
from the uncertainty in the Monte Carlo description of
gluon emission and in the acceptance of the D mesons.
Those are the two main causes of the correlation. A com-
parison between data and simulation is performed using
variables sensitive to these two sources: the momentum of
the most energetic jet in each hemisphere for the gluon
radiation, and the direction of the thrust axis for the

Table 2. Contributions to the statistical and systematic un-
certainties on Rc

Source Stat. Syst.

Ns ±0.0027 ±0.0009
Nd

−0.0131
+0.0114 ∓0.0071

fc ±0.0053 ±0.0019
ρ - ±0.0040
gluon splitting - ∓0.0010
κmix - ±0.0001

TOTAL ±0.014 ±0.009

acceptance correlation. The Monte Carlo events are re-
weighted to reproduce the distributions of these variables
in the data. The statistical uncertainties on these correc-
tions lead to a systematic error on ρ of 0.011. The term
accounting for the correlation in double-tagged Z → bb̄
events is fixed to the same value as ρ with an uncertainty
of 100%.

A small fraction of the D mesons originate from gluon
splitting, where, in the process Z → qq̄g, the gluon pro-
duces two heavy quarks. In the single-tag sample this frac-
tion is determined to be fg = 0.0066 ± 0.0026, using the
measurement of the multiplicity of charm quark pairs from
gluons in hadronic Z decays, n̄g→cc̄ = (2.27 ± 0.50)% [19],
the theoretical prediction n̄g→bb̄/

(
n̄g→bb̄ + n̄g→cc̄

)
= 0.13

±0.05 [20], and the ratio ξg→D/ξq→D = 0.049 ± 0.016 of
the selection efficiencies for D mesons from gluon split-
ting and primary quarks. The number of single-tagged
hemispheres, corrected for this contribution, is reduced
to Ns = 29818 ± 237 ± 113. No events containing a D me-
son from gluon splitting are expected in the double-tag
sample.

The probability to produce a “wrong” charm quark
charge D̄0, D− or D∗− meson in a b decay is found to be
χD = 0.139 ± 0.035, calculated as in [18], using the most
recent available measurements for the branching ratios of
B decays into D mesons [21]. The number of double-tagged
bb̄ events with opposite charm flavour D mesons is then
reduced by the factor κmix = 1−2χD(1−χD) = 0.76±0.05.

From (4) and the measurement of Ns, Nd and fc, one
obtains

Rc = 0.173 ± 0.014(stat.) ± 0.009(syst.),

where the various contributions to the statistical and sys-
tematic uncertainties are listed in Table 2.

4.2 The D∗-πs double tagging method

In this measurement a mixed double-tagging technique
is used. Once a D∗+ is fully reconstructed, a slow pion is
searched for in the opposite hemisphere. Both the numbers
of reconstructed D∗+’s and slow pions are then needed to
extract Rc. The yields of single-tagged hemispheres and
double-tagged events are
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Fig. 5. Double-tag sample. Measured invariant mass distribution in opposite
hemisphere after a D tag in the first hemisphere: a D∗ → πsD0 channels,
b D+ → Kππ channel, c D0 → Kπ channel

single-tag D∗ ND∗ = 2NH(Rcξ
D∗
c + RbξD∗

b ) ,
single-tag πs Nπ = 2NH(Rcξ

π
c + Rbξπ

b ) ,
double-tag Nd = 2NH

[
Rcξ

D∗
c ξπ

c (1 + ρ)
+RbξD∗

b ξπ
bκ′

mix

]
,

where in Nd a factor 2NH , instead of NH as in (1), arises
because of the different tags applied in the two hemi-
spheres. The tagging efficiencies, ξD∗

q and ξπ
q respectively

for the exclusive and inclusive tag, are given by:

ξD∗
q = P (q → D∗)B(D∗+ →D0π+

s )BD0εq→D∗
,

ξπ
q = P (q → D∗)B(D∗+ →D0π+

s )εq→π ,

where BD0 is the decay ratio of the D0 in the reconstructed
channels.
As before the ξb tagging efficiencies are expressed in terms
of the charm fractions fD∗

c and fπ
c in the single-tag sam-

ples.
The yield of slow pions, Nπ, has been determined in

a previous paper [11] devoted to the measurement of the
branching ratio B(D0 →K−π+). However the question of
whether a D∗+ is produced in a cc̄ or in a bb̄ event was not
addressed there. One can take advantage of the previous
measurement by replacing Nπ and fπ

c by the number of
fully reconstructed D∗+ → D0π+

s , D0 → K−π+ decays,

NKπ
D∗ , and the charm fraction therein, fKπ

c , i.e.

fπ
c Nπ =

fKπ
c NKπ

D∗

B(D0 →K−π+)
εc→π

εc→Kπ
,

(1 − fπ
c )Nπ =

(1 − fKπ
c )NKπ

D∗

B(D0 →K−π+)
εb→π

εb→Kπ
,

for the charm and beauty component, respectively. The ef-
ficiency to reconstruct the exclusive decay chain is εc→Kπ

(εb→Kπ) for the charm (beauty) component. As the branch-
ing ratio of D0 → K−π+ has been measured in [11] by
comparing the yield of soft pions to the yield of the fully
exclusive chain, a partial cancellation of errors between
the B(D0 →K−π+) and the efficiencies of both the exclu-
sive and the inclusive selections occurs.

The final expression for Rc is

Rc = fKπ
c fD∗

c (1 + ρ)εc→π/εc→Kπ

2NHB(D0 →K−π+)Nd/(ND∗NKπ
D∗ ) − δb

δb = κ′
mix(1 − fD∗

c )(1 − fKπ
c )εb→π/(Rbεb→Kπ) .

(5)

The number of double-tagged events, Nd, is determined
from the excess at low values in the p2

⊥ distribution of slow
pions with charge opposite to that of the reconstructed
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D∗’s. In order to subtract the background from fake πs’s
and the random coincidences between true πs’s and fake
D∗’s, the second tag is also applied to the pions with the
same charge as the tagged D∗’s and the distribution ob-
tained is subtracted from the opposite charge one. There-
fore the events Z → bb̄ where a mixing occurred are
thereby subtracted twice, leading to a correction factor
κ′

mix = 1 − 4χD∗(1 − χD∗).

4.2.1 D∗+ exclusive sample

The reconstruction of D∗+ mesons is similar to the one
already described in Sect. 4.1.1. No cut is applied here
on XE(D∗). Instead the slow pion momentum is required
to be greater than 1.5 GeV/c and less than 3.5 GeV/c
in all channels. The same cut is applied in the inclusive
selection, leading to a cancellation of the corresponding
efficiency in the final expression for Rc (5).

The number of selected D∗’s is NKπ
D∗ = 4439±71±53 for

the channel D0 → Kπ only and ND∗ = 25007 ± 195 ± 500
for the whole sample, where the first errors are statisti-
cal and the second are systematic due to the background
subtraction.

The charm fraction is determined in each channel by
means of the b tag, as described in Sect. 4.1.2, yielding
fKπ
c = 0.741 ± 0.019(stat) ± 0.007(syst) in the D0 →

K−π+ channel only, and fD∗
c = 0.7626 ± 0.0094(stat) ±

0.0066(syst) in the whole sample. The systematic errors
arise from the uncertainties on the b-tag efficiencies for
b and c events. As explained in Sect. 4.1.2, these uncer-
tainties are mainly due to the correlations between the
hemisphere where the D∗± has been reconstructed and
the opposite one, where the b tag is applied. Corrections
γbb̄ = 0.063 ± 0.024 and γcc̄ = 0.04 ± 0.08 are estimated
from a Monte Carlo sample where the above selection
cuts are applied. The errors on these are assessed as in
Sect. 4.1.2, by comparing Monte Carlo and data jet mo-
mentum distributions.

4.2.2 Double-tagged events

In the above sample the rate of D∗− → D̄0π−
s in the hemi-

spheres opposite to the reconstructed D∗+’s is measured
from the excess of pions at low transverse momentum with
respect to the nearest jet. A detailed discussion of the pion
selection and jet axis definition is given in [11]. The πs

momentum is here required to be between 1.5 GeV/c and
3.5 GeV/c.

In Fig. 6a the p2
⊥ distributions of the selected tracks

with the opposite and the same charge with respect to
the reconstructed D∗ are shown. The number of double-
tagged events, Nd, is extracted from a fit to the difference
of the two distributions, shown in Fig. 6b.

The shape of the p2
⊥ distribution for the signal is taken

from the Monte Carlo. Corrections are applied to take into
account the differences between the real and simulated dis-
tributions of the D∗ angle with respect to the jet and the
decay angle of the pion in the D∗ rest frame [11]. The long

tail in the p2
⊥ region above 0.05 GeV2/c2 is mainly due to

tracks coming from decays of c and b hadrons other than
the D∗, where the high Q value of the decay results in a
broader distribution in p2

⊥. The shape of these contribu-
tions is taken from Monte Carlo and the rates fixed to the
latest measurements of c and b hadron production [21]. A
linear component is added and left free in the fit to take
into account the slight excess of fragmentation tracks with
opposite charge in opposite hemispheres with respect to
fragmentation tracks of same charge.

The fitted number of double tag events is Nd = 1714±
90± 34 , where the first error is statistical and the second
systematic. The systematic error coming from the signal
p2

⊥ shape is estimated by varying within their uncertain-
ties the c and b contributions to the signal and the correc-
tions applied to the shape from the Monte Carlo simula-
tion. The systematic error due to fake πs’s is estimated by
varying the contribution from b and c hadron decays by
±50%, resulting in a 1% error. Moreover, a 1% uncertainty
is added in quadrature to take into account the charge cor-
relation between true πs and fake D∗’s, which is estimated
from a Monte Carlo simulation to be (0.9 ± 1.0)%.

4.2.3 Determination of Rc

The value of Rc is extracted by means of (5) from the
measured numbers of single and double tags, the charm
fractions in the exclusive samples, the ratio εq→π/εq→Kπ,
the correlation ρ and the branching ratio B(D0 →K−π+).

The efficiencies in both the exclusive and inclusive
channel can be factorised with a term εpπ which accounts
for the soft pion momentum cut and a term which account
for the reconstruction efficiency εrec. Since in both cases
the same cut is applied to the slow pion momentum, εpπ

is equal for both exclusive and inclusive channels. The
ratio of the slow pion to D∗ reconstruction efficiencies
then becomes εq→π/εq→Kπ = (εpπεq→π

rec )/(εpπεq→Kπ
rec ) =

εq→π
rec /εq→Kπ

rec . The reconstruction efficiencies for the D∗+ →
D0π+

s , D0 →K−π+ channel are εc→Kπ
rec = (62.5±0.4±0.9)%

for c events and εb→Kπ
rec = (63.1± 0.7± 0.9)% for b events.

The first errors are due to the limited Monte Carlo statis-
tics used, while the second ones are the fully correlated
systematic errors coming from nuclear interactions, the
mass cuts and the two-track resolution when the pion
and kaon tracks overlap. The inclusive channel reconstruc-
tion efficiency was calculated in [11], where it was found
to be (72.6 ± 0.2)% for both c and b events. From a
Monte Carlo simulation, the ρ correlations are found to
be ρc = 0.228 ± 0.025 and ρb = 0.42 ± 0.22, with the
errors calculated as explained in Sect. 4.1.4.

The value used for the branching ratio, B(D0 →K−π+)
= (3.90 ± 0.09 ± 0.12)%, is that obtained by ALEPH [11],
using fully reconstructed D∗+ → D0π+

s , D0 → K−π+ de-
cays and the slow pion tagging to select inclusive D∗’s. The
uncertainties on the signal p2

⊥ shape and the efficiencies
are sources of systematic error both for the B(D0 →K−π+)
measurement and for this Rc measurement. The effects of
the uncertainties almost cancel in the calculation of Rc
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Fig. 6a,b. Distributions of
pion p2

⊥ with respect to the
nearest jet in double tag
events. In a are shown the
two distribution for pions
with opposite charge and
same charge with respect to
the D∗ one. In b is shown
the difference between the
two distributions. The su-
perimposed function is the
best fit to the signal. The
background is shown by the
dashed line. The dotted line
is the linear component of
the background

Table 3. Variation of Rc due to statistical and systematic
errors for the double tag method D∗-πs

Source Stat. Syst.

ND∗ , NKπ
D∗ ±0.0029 ±0.0049

Nd
−0.0086
+0.0095 ∓0.0032

fc ±0.0047 ±0.0027
εq→Kπ - ∓0.0019
εq→π - ±0.0006
ρ - ±0.0038
B(D0 →K−π+) ∓0.0041 ∓0.0030
gluon splitting - ∓0.0014
κ′

mix - ±0.0012

TOTAL ±0.012 ±0.009

(5), leading to a significant reduction in the final system-
atic uncertainty.

From the number of reconstructed D∗±’s, NKπ
D∗ and

ND∗ , the contribution of the gluon splitting must be sub-
tracted. From the measurements quoted in Sect. 4.1.4, a
fraction fg = (0.9 ± 0.4)% of the selected D∗±’s is esti-
mated to come from this source. No contribution to the
double tag sample is expected from gluon splitting because
of the momentum cuts on the soft pion.

The χD∗ probability that a “wrong” charge D∗− is
produced in a b decay, deduced as in Sect. 4.1.4, is here
χD∗ = 0.189 ± 0.032, which leads to a mixing correction
κ′

mix = 0.39 ± 0.08.
The result obtained from (5) is

Rc = 0.166 ± 0.012(stat.) ± 0.009(syst.) .

The sources of statistical and systematic error are listed
in Table 3.

4.3 Combination of the two double-tagging methods

The two measurements using charmed mesons are com-
bined, taking into account the correlated statistical and

Table 4. Correlated and uncorrelated errors for the combi-
nation of the double-tagging methods

Uncorr. Stat. ±0.0087
Corr. Stat. ±0.0038

TOTAL Stat. ±0.0095

Uncorr. Syst. ±0.0050
charm fraction
b-tag efficiencies DATA stat. ∓0.0004
b-tag efficiencies MC stat. ∓0.0002
b-tag efficiencies b-physics ∓0.0001
b-tag efficiencies udsc-physics ∓0.0004
b-tag efficiencies tracking ∓0.0002
b-tag efficiencies MC modeling ∓0.0001
b-tag correlations MC stat ∓0.0012
b-tag correlations MC modeling ∓0.0016
D-D correlations
c-tag correlations MC stat ±0.0031
c-tag correlations MC modeling ±0.0019
c-tag correlations < XE >= 0.495 ± 0.013 [15] ±0.0012
B meson mixing
χd = 0.175 ± 0.016 [21] ∓0.0003
b → DD̄X = 0.03 ± 0.03 [18,21] ∓0.0006
gluon splitting
n̄g→cc̄ = (2.27 ± 0.50)% [19] ∓0.0006
n̄g→bb̄/

(
n̄g→bb̄ + n̄g→cc̄

)
= 0.132 ± 0.047 [20] ∓0.0001

ξg→D/ξq→D ∓0.0010

TOTAL Syst. ±0.068

systematic errors on the number of single-tagged hemi-
spheres, the charm fraction, the correlation, b mixing and
gluon splitting (see Table 4).

This yields an average value

Rc = 0.1689 ± 0.0095(stat) ± 0.0068(syst) .

The dependence of the result on the Rb value is given by
Rc = 0.1689 − 0.023 × (Rb − 0.2159).
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5 Conclusion

Three measurements of the partial decay width of the Z
into cc̄ quarks have been performed. The first one uses
inclusive electrons and takes advantage of an accurate
knowledge of the b and non-prompt components of the
electron yield. A fit to the p and p⊥ electron spectra gives
Rc = 0.1675 ± 0.0062(stat) ± 0.0066(syst) ± 0.0084(BR).

Two other measurements, which use charmed meson
decays as a charm quark signature, lead to a combined
result of Rc = 0.1689 ± 0.0095(stat) ± 0.0068(syst).

The combination of these three measurements and a
previous one, obtained with leptons by ALEPH from data
collected in 1990 and 1991 [14], gives the following average:

Rc = 0.1681 ± 0.0054(stat) ± 0.0062(syst),

in agreement with the Standard Model prediction of Rc =
0.1723 [22]. This result is weakly correlated with the Rb
value, the dependence being Rc = 0.1681 − 0.011 × (Rb −
0.2159). With the present 0.5% [22] relative error on Rb,
this correspond to a systematic error of order 10−5, which
is negligible with respect to the quoted systematics.
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