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Abstract

The inclusive production of charmed particles in Z ! b�b decays has been measured

from the yield of D0, D+, D+
s and �+

c decays in a sample of q�q events with high b

purity collected with the ALEPH detector from 1992 to 1995.

From these measurements, adding the charmonia production rate and an estimate

of the charmed strange baryon contribution, the average number of charm quarks per

b decay is determined to be nc = 1:230�0:036�0:038�0:053, where the uncertainties

are due to statistics, systematic e�ects and branching ratios, respectively.

(To be submitted to Physics Letters B)
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1 Introduction

The discrepancy between the experimental value of BR(b! `�X) and its theoretical

prediction [1, 2] is a long standing problem in b physics. The measurement of the

average number of charm quarks per b decay, nc, is relevant for the understanding of

this discrepancy. The theoretical predictions of these two quantities are correlated and

therefore comparisons between experimental measurements and theory in the plane nc
vs BR(b! `�X) are more powerful than for the individual quantities alone.

Recent theoretical papers on this subject [3, 4], based on a model-independent

study of spectator e�ects and on the calculation of the next-to-leading order radiative

corrections to the decay b ! c�cs, give precise estimates of nc and BR(B ! `�X).

In [4] values of nc = 1:21 � 0:06 and BR(B ! `�X) = (12:0 � 1:0)% are predicted

for the on-shell renormalization scheme and a renormalization scale � = mb. If the

renormalization scale � is moved to mb=2 the predicted values are nc = 1:22 � 0:06

and BR(B ! `�X) = (10:9� 1:0)%. The errors are anticorrelated and are mainly due

to the uncertainty on the input quark mass ratio mc=mb, which is varied in the range

0.25-0.33.

These theoretical predictions refer to B mesons; they must be corrected [5] to be

compared with the LEP results, where a di�erent b hadron composition is produced.

For nc this correction is negligible with respect to the other theoretical uncertainties.

The correction factor for the semileptonic branching ratio is estimated in [5] to be

0:98 � 0:03.

In a recent review the value of nc = 1:10� 0:06 was evaluated [6] as the average of

the �(4S) results; this measurement is driven by CLEO results.

At LEP, OPAL [7] has measured D0, D+, D+
s and �+

c production in Z ! c�c and

Z ! b�b separately, using a two-dimensional �t to the decay length and the fractional

energy of the charmed hadrons. DELPHI [8] has also measured D0 and D+ production

in Z ! c�c and Z ! b�b events.

In this work a pure b hemisphere sample is selected by the algorithm developed for

the Rb = �(Z ! b�b)=�(Z ! q�q) measurement [9]. Charmed hadron candidates are

reconstructed in the hemisphere opposite to the b-tagged one, in order to avoid biases

on the charmed hadron composition. The high purity of the selected hemispheres makes

the measurement nearly insensitive to the systematics coming from the uncertainty of

the b selection e�ciency.

All weakly decaying charmed hadrons, except for the �c (the �c symbol represents

both �+
c and �0

c) and the 
c, are identi�ed through the exclusive decay channels listed

in Table 1, together with the branching ratios used in this paper [10]. The inclusive

measurement of nc is then given by

nc = f(b! D0X) + f(b! D+X) + f(b! D+
s X) + f(b! �+

c X) + f(b! �cX)

+f(b! 
cX) + 2� f(b! charmoniaX)

where f(b! XcX) is the production rate of the charmed hadron Xc or Xc from b.

1



Char. part. Final state BR % E�ciency % c�c % g ! c�c %

D0 K��+ 3:83 � 0:12 63:7 � 0:5 0.7 1.6

D+ K��+�+ 9:1 � 0:6 31:9 � 0:4 0.5 1.5

D+
s ��+ ! K�K+�+ 1:77 � 0:44 29:8 � 1:0 0.3 0.7

�+
c pK��+ 4:4 � 0:6 22:5 � 0:9 0.3 0.3

Table 1: Selected �nal states for the nc measurement together with their branching

ratios, selection e�ciency and contaminations from c�c and g ! c�c events (given in

percent). The e�ciency refers to selected b hemispheres. The c�c contamination is

taken from Monte Carlo while the g ! c�c contribution is normalized to the ALEPH

measurement.

2 The ALEPH detector

The ALEPH detector is described in detail in [11] as well as its performance in [12]. A

brief review is given in the following.

Charged particles are tracked in an axial magnetic �eld of 1.5 T using a silicon

vertex detector (VDET) with two-dimensional readout, a drift chamber (ITC) and a

time projection chamber (TPC). The TPC provides up to 338 measurements of the

speci�c ionization, dE/dx, for each track. In this paper the dE/dx information is

considered available when more than 50 measurements are associated to a charged

particle.

A normalized particle identi�cation estimator based on the dE/dx measurement is

de�ned as

RP =
(dE=dx)measured� (dE=dx)expected;P

�expected;P
;

where P = p;K; �; ::: indicates the particle hypothesis. The dE/dx measurement

gives, in the relativistic rise region, a ��K separation corresponding to two standard

deviations.

The vertex detector has a spatial resolution of 12 �m in r� and between 12 and 22

�m for the z coordinate, depending on the polar angle of the track. The inner and the

outer layers cover 85% and 69% of the solid angle. The impact parameter resolution

can be parametrized, for a track having hits in both VDET layers, as

�(�) = 25�m +
95�m

p(GeV=c)
:

For high momentum particles the transverse momentum resolution is given by

�pT

pT
= 6 � 10�4 pT (GeV=c):

Surrounding the tracking detectors are the electromagnetic calorimeter (ECAL), the

superconducting solenoid, the hadron calorimeter (HCAL) and the muon chambers.

The electromagnetic calorimeter (ECAL) is a lead wire chamber calorimeter with

cathode pad readout. The hadron calorimeter (HCAL) is composed by 1.2 m of iron,

2



interleaved with 23 layers of streamer tubes, while the muon chambers consist of two

double layers of streamer tubes. The calorimeter readout is organized in projective

towers.

3 Event selection and Monte Carlo sample

The measurement is performed on the data sample collected by ALEPH in the period

1992-95. The Z ! q�q events are selected on the basis of the visible charged energy and

multiplicity [13]. It is required that at least �ve charged particle tracks are detected

with a total momentum greater than 10% of the centre-of-mass energy. With these

criteria about 3.7 million events are selected.

A high b purity sample is obtained by using the same b tag algorithm exploited in

the Rb measurement [9]. The algorithm is based on a combination of a lifetime tag [14]

and a mass tag which relies on the large invariant mass of the beauty hadron decays

with respect to the charm ones. To avoid any bias of the charmed sample, the b tag is

applied to the hemisphere opposite to the charmed hadron candidate.

Events are only considered if the thrust polar angle satis�es the condition j cos(�)j <

0:7 to guarantee a homogeneous VDET acceptance. With this cut a sample of about

230,000 hemispheres is selected. Inside the angular acceptance the b purity of the

selected sample is about 99% with an e�ciency of the order of 20%, the main source

of contamination, according to the Monte Carlo, being c�c events.

The number of selected b hemispheres is corrected for the c contamination and

for the hard gluon emission. A very energetic gluon can bring both b's in the same

hemisphere while the gluon can hadronize into light quarks in the opposite, tagged one.

This hard gluon emission is estimated, from Monte Carlo, to happen in about 2% of

the b events.

In order to compute e�ciencies in the various decay channels a Monte Carlo

program based on JETSET 7.3 [15] is used. The full detector simulation is applied to

the Monte Carlo events which are processed through the same reconstruction program

used for real events. The JETSET procedures used for parton shower and string

fragmentation are tuned to �t event shape variables [16] and to take into account

initial and �nal state radiation. Heavy avors events are generated according to the

Peterson et al. [17] fragmentation function. The b hadron properties are modi�ed to

reproduce the most up-to-date experimental results [18].

A sample of about 5 million Z ! q�q and 600,000 Z ! b�b events is used. In addition

a dedicated production of a few thousand events is made to reduce the Monte Carlo

statistical uncertainty on the e�ciency of the D+
s ! �� channel.

4 Charmed particle selection

The charmed particles are identi�ed, in the selected hemispheres, through the exclusive

decay channels described in Table 1. The contamination from Z ! c�c events is

evaluated fromMonte Carlo, while for the process g ! c�c the ALEPHmeasurement [19]

�ng!c�c = (2:65 � 0:90)% is used.

3



The e�ciencies for reconstructing the charmed hadrons in b selected events are

reported in Table 1 together with the c�c and g ! c�c contaminations.

4.1 D0
! K��+ selection

Pairs of tracks which form a K��+ invariant mass in the range 1:7 � 2:1 GeV=c2 are

considered as D0 candidates. The kaon candidate must satisfy RK < 2, if the dE/dx

information is available. In addition the angle �� between the K momentum evaluated

in the K� rest frame and the K� boost direction must satisfy j cos(��)j < 0:8. The

fractional energy XE = E(D0)=Ebeam of the reconstructed D0 is required to be greater

than 0.15.

4.2 D+
! K��+�+ selection

The D+
! K��+�+ decays do not su�er from the ambiguity of the D0

! K��+

in selecting the kaon track, since the kaon is always the track with opposite sign with

respect to the pair of pions. Triplets of tracks with invariant mass in a 1:7�2:1 GeV=c2

window and with total charge of �1 are pre-selected. The XE of the D+ candidate is

required to be greater than 0.15.

In order to reduce the combinatorial background a cut j cos(��)j < 0:8 is applied,

where �� is the angle between the sphericity axis of the three tracks and the D+ boost

direction evaluated in the D+ rest frame. The dE/dx cut [20] (RK+R�) < 1 is applied

to the kaon candidate when available.

The three tracks are required to form a common vertex with a probability greater

than 1% and a projected decay length signi�cance along the D+ momentum greater

than 3; the signi�cance is de�ned as the ratio of the distance of the D+ vertex from

the interaction point, projected along its momentum, over its uncertainty.

In order to reject both fully and partially reconstructed D�+
! D0�+, D0

!

K��+X decays it is required that the invariant mass of each (K��+)�+ combination

satis�es m(K��)�m(K�) > 0:15 GeV=c2.

4.3 D+
s
! ��+ selection

The D+
s candidates are reconstructed in the D+

s ! ��+ decay mode with �! K�K+.

Opposite-sign track pairs with individual momenta greater than 1 GeV/c, a total

momentum of at least 2.5 GeV/c and an invariant mass within 8 MeV=c2 of the

� mass [10] are selected as � candidates. The dE/dx of the two kaon candidates

must satisfy the requirement jRKj < jR�j, when available. To reconstruct the D+
s ,

in addition to the two kaons, the presence of a third track forming a vertex with a

probability greater than 1% is required.

The cut j cos(��)j > 0:4 is applied, where �� is the angle between the kaon direction

in the the � rest frame and the � boost direction in the D+
s rest frame; this cut relies

on the P-wave nature of the decays D+
s ! ��+ and � ! K+K�. The other angular

cut applied is j cos(��)j < 0:8, where �� is the angle between the pion and the D+
s boost

direction evaluated in the D+
s rest frame.
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4.4 The �+
c
! pK��+ selection

The selection of the �+
c candidates relies on the use of the dE/dx measurement. The

proton, the kaon and the pion candidates are tracks with a momentum greater than

4.0, 2.0 and 0.5 GeV=c respectively and at least one associated point in VDET. The

probability that the three tracks have a common vertex must be greater than 1%.

All three particles are required to have a dE/dx measurement compatible within

2:5� with the value expected for the corresponding particle hypothesis, when available;

the dE/dx measurement is mandatory for kaon and proton candidates. A dE/dx pion

veto jR�j > 2 is applied to the proton candidate and jR�j > 1 to the kaon. For the �+
c

candidate XE > 0:2 is required.

5 Inclusive fraction measurement

In each channel the selected sample contains both signal and background events. The

size of the signal is extracted by means of a �t to the mass spectra. The D0, D+, D+
s

and �+
c mass spectra for the data sample, with the �tted functions superimposed, are

shown in Figs. 1 a, b, c, and d respectively.

Monte Carlo studies are performed in order to obtain the appropriate

parametrization of the �tting functions for the di�erent mass spectra. To parametrize

the D0 signal two Gaussian distributions plus a at tail are used; the tail is introduced

to take into account badly reconstructed D0's, which amount to a few percent of the

total signal. For the D+ the vertex requirement strongly reduces the tails so that two

Gaussian distributions are su�cient. In the D0 �t the width of the narrow Gaussian

is left free. For the D+
s and the �+

c , a single Gaussian with free width is enough to

obtain a good parametrization of the signal.

The background can be divided into two categories: the resonant background,

coming from partially or wrongly reconstructed decays of charmed hadrons, and the

combinatorial background, coming from randomly associated tracks.

In each channel possible resonant contributions, which can distort the signal

mass spectrum, are identi�ed and taken into account in the �t. In the D0 �t,

separate functions are used to describe the D0
! K+�� contribution (where the

kaon identi�cation is incorrect), the D0
! K��+(�0) and the D0

! K�K+ channels

and the combinatorial background in which one of the two tracks comes from a true

D0 decay. This semi-combinatorial background has a shape which is slightly di�erent

from the pure combinatorial. In the D+ �t the main resonant background arises from

the D+
s ! K+K��+ decays where the K+ is identi�ed as a �+; this gives a resonant

contribution under the D+ peak.

In the D0 �t the pure combinatorial background is parametrized with a third order

polynomial, with parameters �tted to the Monte Carlo distributions except for the

overall normalization which is left free. In the D+, D+
s and �+

c �ts the background is

parametrized as a second order polynomial with free coe�cients.

In order to extract the charm production rates in b events, the �t results are

corrected for the contamination coming from the c�c events and from the gluon splitting

process g ! c�c described in section 4. The number of candidates �tted, after the
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background subtraction, together with the measured production rates are reported in

Table 2. The branching ratios listed in Table 1 are used to determine f(b ! XcX).

The errors are statistical only.

Charmed hadron N. candidates f(b! XcX) �BR% f(b! XcX)%

D0
! K��+ 3318 � 134 2:32� 0:09 60:5� 2:4

D+
! K����+ 1533 � 86 2:13� 0:12 23:4� 1:3

D+
s ! ��+ with �! K�K+ 219 � 23 0:32� 0:03 18:3� 1:9

�+
c ! pK��+ 251 � 33 0:48� 0:06 11:0� 1:4

Table 2: Production rates for the di�erent charmed hadrons obtained from the �t

results. The last column is obtained using the branching ratios listed in Table 1.

6 Systematic errors

Since the signal is normalized to the number of selected b hemispheres, the measurement

is not a�ected by errors coming from the Z ! b�b selection e�ciency and, due to the

high b purity, the measurement is almost una�ected by the uncertainty on the c�c

contamination.

In the following the di�erent sources of systematic uncertainty are discussed starting

with those related to the simulation of the physics properties in the selected Monte

Carlo events; in the second part those related to the simulation of the detector

performance are evaluated. Each component of the systematic uncertainty is described

below and given in Table 3.

Source D0
! K��+ D+

! K��+�+ D+
s ! ��+ �+

c ! pK��+

c contamination 0.7 0.7 0.6 0.6

�ng!c�c 0.5 0.3 0.2 0.2

hard gluon emission 0.3 0.3 0.3 0.3

b physics 1.2 1.1 0.9 2.1

Track quality 0.5 0.7 0.7 0.7

dE/dx 0.7 0.6 1.2 1.8

Vertex - 3.0 2.5 2.5

Signal �tting funcs 1.5 1.6 - -

Backg. �tting funcs 1.2 1.4 1.0 0.5

MC statistics 0.7 1.2 3.3 4.1

Total systematics 2.7 4.2 4.6 5.7

Branching ratio 3.1 6.6 24.9 13.6

Table 3: Relative systematic errors in percent of the f(b! XcX) measurement, for the

di�erent channels. The last row contains the relative error coming from the uncertainty

on the �nal state branching ratio.
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The charm contamination enters both in the correction to the number of selected

hemispheres and in the correction to the number of reconstructed charmed hadrons.

To be conservative an independent 50% error on both corrections is applied. According

to [19] a 31% uncertainty is applied on the number of charmed hadrons coming from the

process g ! c�c. A 30% relative error is assumed on the hard gluon emission correction.

The systematics related to the simulation of the b fragmentation and physics properties

in the Monte Carlo are evaluated by varying, within errors, the Peterson fragmentation

parameter �b, the topological branching ratios of b hadrons and the fraction of excited

b mesons produced in the b fragmentation.

A fraction of the tracks coming from the decay of a charmed hadron can be lost

because of nuclear interactions with the detector material or tracking reconstruction

errors. The fraction of decays lost due to these e�ects is evaluated from Monte Carlo to

be from 5 to 7% depending on the �nal state multiplicity. On this quantity a systematic

error of 10% is applied.

The performance of the ionization measurement is checked directly on data. The

fraction of tracks having the dE/dx measurements available is compared in real and

simulated q�q events. Possible di�erences in the dE/dx calibration and resolution

between Monte Carlo and data are tested with a sample of minimum ionizing pions in

q�q events and a sample of muons in Z ! �+�� events. The di�erences found between

data and Monte Carlo are used to estimate the systematic error on the dE/dx cut.

The �+
c selection has the greatest dependence on the ionization loss measurement; the

dE/dx is studied using samples of protons from � decays, kaons from D+� decays and

pions from K0
S decays. The Rp, RK, and R� distributions for real protons, kaons and

pions respectively show no signi�cant di�erence between data and Monte Carlo. For

the pion veto, small di�erences in the calibration curves lead to visible e�ects in the

R� distribution of protons and kaons. This a�ects mainly the protons which have a

(6� 1)% higher probability in data to survive the pion veto. A correction is applied to

the selection e�ciency. The e�ciency of the kaon selection is veri�ed to within �1%

with this sample. From these studies a systematic uncertainty of 1% on the dE/dx

e�ciency for kaons and protons is estimated.

The systematic uncertainty associated with the vertex requirement is obtained by

studying the fraction of selected track triplets which form a vertex under the mass peak

corrected for the background fraction evaluated from the sidebands. The D+ error also

contains the uncertainty due to the decay length cut.

For the D0 and the D+, the dependence of the measured yield on the signal �t

parameters, which are �xed to the Monte Carlo value, is estimated by repeating

the �t with a variation of 5% on these parameters. In the D+
s and �+

c �ts all the

signal parameters are left free. The coe�cients of the combinatorial background

are �xed only in the D0 �t. The dependence on the choice of the parametrization

is checked by choosing di�erent �tting functions (second- or third-order polynomial,

decreasing exponential). As a second test the background, parametrized as a decreasing

exponential, has been left free in normalization and shape in the D0 �t.
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7 The determination of nc

Measurement Stat. uncert. . Sys. uncert. BR uncert

f(b! D0X) = 0:605 0.024 0.016 0.019

f(b! D+X) = 0:234 0.013 0.010 0.015

f(b! D+
s X) = 0:183 0.019 0.009 0.045

f(b! �+
c X) = 0:110 0.014 0.006 0.015

f(b! �cX) = 0:063 - 0.021 -

f(b! c� oniaX) = 0:017(�2) 0.005 0.011 -

nc = 1:230 0.036 0.038 0.053

Table 4: Di�erent contributions to the nc determination. In the total systematic error

on nc the correlations between some uncertainties are taken into account.

To measure the average number of charm quarks per b decay all the weakly decaying

open charm states must be counted together with charmonia c�c states, which have to

be counted twice.

The total charmonia production rate can be determined from the inclusive ALEPH

measurement [21], corrected for the prompt Z ! J= production estimated by [22],

f(b ! J= X) = (1:13 � 0:16)%. The inclusive J= production can be related to the

direct one by subtracting the contribution coming from radiative charmonia decays

(�c ! J= ,  0 ! J= , etc.). This is determined from [23] to be (0:32� 0:04). With

this correction the direct f(b! J= X) = (0:81 � 0:11)% is obtained, where the error

includes only the statistical uncertainty coming from the ALEPH measurement.

From this rate, the total charmonia production is determined using the theoretical

prediction described in [24]. In that paper the ratio of the direct production rates of the

di�erent charmonia states are calculated to be �c : J= : �c1 :  
0 = 0:57 : 1 : 0:27 : 0:31.

With this method f(b ! charmonia X) = (1:74 � 0:25 � 0:57)% is obtained, where a

30% uncertainty on the theoretical prediction of [24] is added to the systematic error.

The charmed strange baryon (�c;
c) production must be added to complete the

charm counting measurement. The b hadron composition at LEP is estimated in [10]

to be (37:8 � 2:2)% for each of B0 and B+ mesons, (11:2 � 1:9)% for Bs mesons and

(13:2 � 4:1)% for b baryons. In the B meson decays the �c production rate has been

measured at CLEO [6] to be f(B ! �cX) = (3:9 � 1:5)%. The contribution from b

baryons has never been measured. The rate f(bbaryon ! �cX) is taken from JETSET

to be 22% with a 50% relative systematic uncertainty. The rate f(bbaryon ! 
cX) is

assumed to be negligible. Adding together the B meson and b baryon contributions, the

charmed strange baryon production rate is estimated to be f(b! �cX) = (6:3�2:1)%.

The di�erent contributions to nc measured by ALEPH are listed in Table 4 together

with the estimated charmonia and charmed strange baryon production rates. From the

sum of these contributions the value of nc = 1:230 � 0:036stat � 0:038sys � 0:053BR is

obtained.

In Fig. 2 the nc value determined in this paper, together with the most recent

ALEPH measurement of the b semileptonic branching ratio [25] (the one obtained
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with the charge correlation method), are compared with the theoretical expectation

evaluated in [4], showing good agreement.

8 Conclusions

The production rates of the weakly decaying charmed particles D0, D+, D+
s and �+

c

in Z ! b�b events have been measured.

A comparison of the inclusive charm production in b decays measured in this and

other experiments is shown in Table 5. The average of the �(4S) results is taken from

a recent review [6].

Experiment f(b! D0X) f(b! D+X) f(b! D+
s X) f(b! �+

c X)

ALEPH 60:5 � 2:4� 1:6 23:4 � 1:3� 1:0 18:3 � 1:9 � 0:9 11:0 � 1:4 � 0:6

DELPHI[8] 59:4 � 3:7� 2:9 22:2 � 1:9� 1:4 - -

OPAL[7] 53:5 � 2:7� 3:1 18:8 � 1:5� 1:3 20:8 � 2:2 � 2:1 12:5 � 2:4 � 1:0

�(4S)[6] 62:1 � 2:0� 3:2 24:2 � 3:1� 1:6 9:8� 0:6 � 2:4 4:7� 0:7 � 1:4

Table 5: Comparison between the charm production rates (given in percent) in b events

for di�erent experiments. The �rst error is statistical and the second is systematics.

The uncertainty on the �nal state branching ratios is not included. All the LEP results

assume the same PDG values of these branching ratios. To extract the DELPHI results

the value of Rb = 0:216 is used.

The di�erence with respect to the low energy experiments can be attributed to the

di�erent b hadron composition since the presence of Bs and �b at LEP increases the

D+
s and �+

c production rates.

From the ALEPH measurements and estimates of the charmonia and charmed

strange baryon production rates, the value of the average number of charm quarks

per b decay is determined to be

nc = 1:230 � 0:036stat � 0:038sys � 0:053BR:

The measured nc value together with the ALEPH measurement of the b semi-

leptonic branching ratio are in good agreement with the theoretical expectation.
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Figure 1: Mass spectrum of the D0
! K��+ (a), D+

! K��+�+ (b), D+
s !

K�K+�+ (c) and �+
c ! pK��+ (d) candidates, with superimposed the �t result.
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Figure 2: Comparison of the theoretical allowed region [4] in the plane nc vs BR(b!

�`X) with the ALEPH measurements. The area represent the region predicted by

theory in the on-shell renormalization scheme. The area is obtained by varying the

quark masses ratio mc=mb in the range 0.25-0.33 and the renormalization scale � in

the range 0:25 < �=mb < 1:5.
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