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Abstract

The production of wrong sign charmed mesonsb→ �D(s)X,D(s) = (D0,D+,Ds), is studied using the data collected by t
DELPHI experiment in the years 1994 and 1995.

Charmed mesons inZ → bb̄ events are exclusively reconstructed by searching for the decaysD0 → K−π+, D+ →
K−π+π+ andD+

s → φπ+ → K+K−π+. The wrong sign contribution is extracted by using two discriminant variab
the charge of theb-quark at decay time, estimated from the charges of identified particles, and the momentum of the c
meson in the rest frame of theb-hadron.

The inclusive branching fractions ofb-hadrons into wrong sign charm mesons are measured to be:B(b→ �D 0X)+ B(b→
D−X)= (9.3 ± 1.7(stat)± 1.3(syst)± 0.4(B))%, B(b→D−

s X)= (10.1 ± 1.0(stat)± 0.6(syst)± 2.8(B))% where the first
error is statistical, the second and third errors are systematic.
 2003 Published by Elsevier Science B.V.
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1. Introduction

Decaysb → c̄ are expected to occur through t
Cabibbo favoured transitionsb → cW− andW− →
c̄s.3 Hence, neglectingb → u transition andD0

mixing, b-hadron decays to wrong sign charm
mesons are in fact double charm transitions. T
double charm rate is related tonc, the mean number o
charm quarks (and antiquarks) produced perb-decay:

nc = 1−B(b→ no open charm)

+ 2B(b→ charmonium)

(1)+B(b→ double charm)

which can be predicted by Heavy Quark Effect
Theory (HQET) based calculations of the semilepto
B-meson branching fraction [1].

Evidence for wrong sign charm production a
double charmedb-decays has been found both at t
Υ (4S) and at LEP. ARGUS [2] and CLEO [3] hav
shown evidence for the two-body transitionsB →
D
(∗)+
s

�D(∗).4 From the analysis of theDs momentum
spectrum, these decays are found to contribute a
half of the totalDs production at theΥ (4S), the re-
mainder coming from eitherB →D

(∗)+
s

�D ∗∗ or B →
D
(∗)+
s

�D(∗)π,ρ,ω (whereD∗∗ denotes an orbitally

E-mail address:stocchi@mail.cern.ch (A. Stocchi).
1 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuth

Germany.
2 Deceased.
3 Charge conjugate reactions are implied throughout this Le
4 In the following,D (D(s)) denotes eitherD0 orD+ (D0,D+

orD+
s ).
excitedD meson). By usingD-lepton correlations
CLEO has observed wrong signD production [4].
ALEPH has reported evidence forb → D�D(s)X de-
cays with both charmed mesons reconstructed [5].
observedD�DX signal is shown to originate eithe
from B → D(∗)�D(∗)K(∗) or from B → D∗∗

s
�D with

a subsequent decay of the orbitally excited stateD∗∗
s

intoD(∗)K.
In this Letter, the DELPHI data are used to meas

the inclusive branching fractions ofb-hadrons into
wrong sign charm mesons,B(b→ �DX) andB(b→
D−
s X). D

0, D+ andD+
s mesons are exclusively re

constructed inZ → bb̄ events, recorded by DELPH
in the years 1994 and 1995. The wrong sign contri
tion is extracted by using two discriminant variable
the charge of theb-quark at decay time, estimate
from the charges of identified particles, and the m
mentum of the charmed meson in the rest frame of
b-hadron.

2. Experimental procedure

2.1. The DELPHI detector

A detailed description of the DELPHI detect
and its performance can be found in Ref. [6]. On
the subdetectors relevant to the present analysis
described in the following.

The tracking of charged particles in the barrel
gion is accomplished with a set of cylindrical trac
ing detectors whose axes are oriented along the 1.
magnetic field and the direction of the beam.
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The Time Projection Chamber (TPC), the ma
tracking device, is a cylinder of 30 cm inner radiu
122 cm outer radius and a length of 2.7 m. F
polar angles between 39◦ and 141◦, it provides up to
16 space points along the charged particle trajecto5

The Vertex Detector (VD), located nearest to t
LEP interaction region, consists of three concen
layers of silicon microstrip detectors at average ra
of 6.3, 9.0 and 10.9 cm. Since 1994, the innerm
and the outermost layers were equipped with dou
sided silicon microstrip modules allowing bothRφ
andz measurements.

Hadrons are identified using the specific ionizat
(dE/dx) measured in the TPC and the Cherenkov ra
ation detected in the barrel Ring Imaging CHerenk
counter (RICH) placed between the TPC and the O
Detector (OD).

2.2. Event sample

For this analysis, the data collected by the DE
PHI experiment in the years 1994 and 1995 at

√
s

close to 91.2 GeV are used, corresponding to ab
2.1 million hadronicZ decays. Simulated hadron
events are generated with the JETSET 7.3 program
Full detector simulation is applied to Monte Car
events which are subsequently processed through
same analysis chain as the real data [6].

The decaysB → D
(∗)+
s

�D(∗), B → D
(∗)+
s

�D∗∗,
B →D

(∗)+
s

�D(∗)π,ρ,ω, B →D∗∗
s

�D→D(∗)K�D and
B → D(∗)�D(∗)K(∗) are used to modelb-decay into
wrong sign charmed mesons. Theb-hadron decay
properties to right sign charm are adjusted to ma
the latest experimental values [8]. In total, a sam
of about 58 000b → �D(s)X and about 99 000b →
D(s)X events, withD(s) forced to decay into the
modes used in the analysis, has been generated
background is modelled with about 3.2 millionZ →
qq̄ and about 1.8 millionZ→ bb̄Monte Carlo events

HadronicZ decays are selected by requiring at le
five charged particles and a total charged energy la
than 12% of the collision energy [6]. The tagging ofb-

5 In the DELPHI frame, thez-axis is defined along the electro
beam direction, thex-axis points towards the centre of the LE
ring and they-axis points upwards. The polar angle to thez-axis
is calledθ ; the azimuthal angle around thez-axis is referred to asφ.
The radial coordinate isR =

√
x2 + y2.
e

quark jets is based on four discriminant variables,
most important one being the probability for all trac
to originate from the primary interaction vertex, calc
lated from the track impact parameters with respec
this point [9]. The other variables are defined for j
with a secondary vertex: effective mass of the sys
of particles attached to the secondary vertex, rapi
of these particles with respect to the jet direction a
fraction of the charged energy of the jet included
the secondary vertex. All jetb-tags in the event ar
combined and the cut on the event probability is c
sen such that about 90% of the reconstructed char
mesons originate fromb-hadron decay. Correspon
ingly, theZ→ bb̄ selection efficiency varies betwee
58 and 74% for the different charm modes.

Each selected event is divided into two hemisphe
by the plane orthogonal to the axis of the most en
getic jet and passing through the primary interact
point.

2.3. Charmed meson reconstruction

Charged particles are selected as follows: mom
tum larger than 100 MeV/c, relative error on the mo
mentum measurement smaller than 100% andRφ (z)
impact parameter with respect to the primary inter
tion vertex smaller than 4 cm (4 cm/sinθ ).

Charmed mesons are searched for in the de
modesD0 → K−π+, D+ → K−π+π+ andD+

s →
φπ+ → K+K−π+ by trying all possible combina
tions of charged particles in the hemisphere. T
dE/dx values of the kaon and pion candidates are
quired to be consistent with the respective mass
potheses. ForD+ → K−π+π+ decays which suffe
from a high level of combinatorial background, t
kaon must be tagged additionally by the RICH.
allow for a precise reconstruction of theD(s) decay
vertex, at least two tracks in each combination are
quired to have associated hits in the vertex detecto

Track combinations satisfying these criteria a
fitted to a common vertex. Theχ2-probability of
the fit must exceed 0.01%. Combinations contain
a fragmentation track are rejected by requiring
D (Ds ) vertex to lie at least three (two) standa
deviations away from the primary interaction po
and imposing the requirementxE > 0.15 on the
energy fractionxE = ED(s)/Ebeam. ForD+

s → φπ+,
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a selection at±12 MeV/c2 around the nominalφ mass
is applied to the reconstructedK+K− mass.
D candidates are selected by using four discri

nant variables: the RICH information for the kaon ca
didate, the decay length from the primary to the cha
vertex divided by its error, the energy fractionxE and
the cosine of the charm decay angleθD, defined as
the angle between theK momentum vector in theD
meson rest frame and theD momentum vector in the
laboratory frame. The cosθD distribution is flat for the
signal and peaked at−1 for the combinatorial back
ground. ForDs candidates, two additional variabl
are used: the reconstructedK+K− mass and the co
sine of theφ helicity angleθH . The latter is defined a
the angle between theK+ and theDs direction in the
φ rest frame. The signal follows a cos2 θH distribution
while the background is flat in cosθH . The different
variablesxi are combined by using a likelihood ratio

X(D(s))= R(D(s))

1+R(D(s)) ,

(2)R(D(s))=
∏
i

Si (xi;D(s))
Bi(xi;D(s)) ,

whereSi andBi are the normalised distributions
xi for the signal and the combinatorial backgrou
respectively, as obtained from the simulation. T
combined variable is defined such that the tar
value is X = 1 for the signal andX = 0 for the
background. For each decay mode, the selection
on the variableX is adjusted on simulated even
to optimise the statistical significance of the sign
The following selections are found:X(D0) > 0.8,
X(D+) > 0.6 andX(Ds) > 0.95.

For each selected candidate, the invariant m
of the track combination is computed (Fig. 1). 73
(6906, 984)D0 (D+, Ds ) candidates are found i
the signal window corresponding to an interval
about ±2σ around the signal peak. The remaini
combinatorial background is determined by a fit to
invariant mass distribution. The fit uses a Gauss
function for the signal and a linear parametrisat
for the combinatorial background. The satellite pe
due to theD+ → K+K−π+ decay, in theD+

s →
φπ+ channel is also fitted by a Gaussian function
this way, the combinatorial background is found to
3038±43, 4677±66 and 404±12 forD0 →K−π+,
D+ →K−π+π+ andD+

s → φπ+, respectively.
Fig. 1. The invariant mass of selectedD0 → K−π+,
D+ → K−π+π+ and D+

s → φπ+ → K+K−π+ candi-
dates. The points with error bars are the real data. The solid
is the result of the fit mentioned in the text. The signal window
shown by dashed vertical lines and the dashed histogram repre
the Monte Carlo expectation for the combinatorial backgrou
(arbitrary normalisation).
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2.4. Discriminant variables

The discriminant variables used for selecting wro
sign decays are constructed by using a comm
DELPHI analysis package called BSAURUS. Deta
on how the different BSAURUS variables are form
can be found in Ref. [10].

The flavour of theD(s) meson, i.e., the charge of th
c-quark confined in the charmed meson, is determi
from the charge of the kaon for the channelsD0 →
K−π+ andD+ →K−π+π+, and from the charge o
the pion for the channelD+

s → φπ+.
The charge of theb-quark at decay time in th

hemisphere of the charmed meson is obtained from
BSAURUS Decay Flavour Neural Network (BDFNN
The approach is to first form the weighted sum of p
ticle charges in the hemisphere excluding the parti
from the exclusive decay of theD(s), in order to avoid
a possible bias. The weighting factor is construc
from the conditional probability for the track to hav
the same charge as the decayingb-quark, and is de
termined via a neural network technique based ma
on particle identification variables for kaons, proto
electrons and muons andB−D vertex separation vari
ables. In order to use optimally the event informati
the resulting hemisphere charges are constructed
arately to estimate theb-charge at both productio
and decay time and this is repeated for each of
b-hadron types (B+,B0,B0

s , b-baryon). In a final step
these hemisphere charges form the main input v
ables to a neural network trained to find theb-quark
charge in combination with BSAURUSb-hadron type
tagging probabilities and also including charge cor
lation information from the opposite hemisphere.

The wrong sign tagY (D(s)), the first discriminan
variable, is obtained by correlating the BDFNN outp
with the flavour of the charmed meson:

(3)Y (D(s))=
{

BDFNN, forD(s),
1− BDFNN, for �D(s).

The target values of the BSAURUS Decay Flavo
Neural Network are BDFNN= 1 and BDFNN= 0 for
b- andb̄-hadrons, respectively. Hence, the target va
of the wrong sign tag isY = 0 for wrong sign decay
andY = 1 for right sign.

While wrong sign andBs right sign decays con
tribute about equally to theDs production inZ →
bb̄ events, the wrong sign production mechanism
-

strongly suppressed in the case ofD mesons. Hence
for selecting wrong signD0 andD+ mesons, stronge
discrimination is required and a second variable,
momentum of theDmeson in theb-hadron rest frame
p(D), is used.

The b-hadron four-momentum in the hemisphe
of the charmed meson is inclusively reconstructed
BSAURUS using the following procedure. An in
tial estimate of theb-hadron momentum�praw, en-
ergyEraw and massmraw = √

E2
raw − p2

raw is formed
from particles with high rapidity for events with mo
than two-jets and from the sum of “b-weighted” four-
vectors for the two-jet case. This weighting involv
the use of neural networks trained to identify trac
originating from the weakly decayingb-hadron in the
hemisphere.Eraw is then corrected, hemisphere-b
hemisphere, motivated by the observation (in Mo
Carlo simulation) of a correlation between the ene
residuals&E = Eraw − Etrue andmraw (which is ap-
proximately linear inmraw) and a further correlation
between&E andxh =Ehem/Ebeam, whereEhemis the
sum of the energies of all particles reconstructed in
hemisphere, resulting from neutral energy losses
inefficiencies. These effects are parametrised and
rected for, after which the resolution obtained inp(D)
is about±300 MeV/c.

The two discriminant variables are shown in Fig.

2.5. The fit

For each charm decay mode, the numbers of wr
sign and right sign events,NW and NR , are de-
termined by a fit to the above-mentioned discrim
nant variables. The following components can c
tribute to the distributions of these variables in the r
data: wrong signb→ �D(s)X mesons, right signb→
D(s)X mesons,D(s) meson background (contamin
tion by charmed mesons produced inZ→ cc̄ events)
and combinatorial background. The shapes of the
tributions of these four components (FW ,FR,Fcc̄ and
FBkgrd) are determined from the Monte Carlo sim
ulation. In each fit, the number of charmed mes
from Z → cc̄ events is fixed to the value calculat
from the partial widthRc = 0.1702±0.0034, the frag-
mentation probabilitiesf (c→D0)= 0.552± 0.037,
f (c→D+)= 0.237± 0.016,f (c→Ds)= 0.121±
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Fig. 2. The wrong sign tagY(D(s)) and the momentum of the charmed meson in the rest frame of theb-hadronp(D(s)), shown for wrong sign
and right sign Monte Carlo events. The number of entries in each histogram is normalised to one.
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0.025 [11] and the acceptance determined from
simulation. The numbers are found to be 436± 30,
266± 19 and 73± 15 for D0 → K−π+, D+ →
K−π+π+ andD+

s → φπ+, respectively. The norma
isation of the combinatorial background is fixed to t
values quoted in Section 2.3.

SelectedDs meson candidates are arranged
10 bins,i, of Y (Ds) (bin width 0.1) and the resultin
one-dimensional histogram is fitted by the function

(4)

Ni =NWFWi +NRFRi +Ncc̄F cc̄i +NBkgrdF
Bkgrd
i .

The normalisationsΣiFWi = 1,ΣiFRi = 1,ΣiF cc̄i = 1

andΣiF
Bkgrd
i = 1 are used. SelectedD0 andD+ can-

didates are arranged in 4 bins,i, of Y (D) (bin
width 0.25) and 13 bins,j , of p(D) (bin width
200 MeV/c) and the fit function:

(5)

Nij =NWFWij +NRFRij +Ncc̄F cc̄ij +NBkgrdF
Bkgrd
ij

is used. The fit algorithm accounts for finite Mon
Carlo statistics [12] and the total number of selec
candidates is used as a constraint. By applying
algorithm to simulatedZ→ qq̄ events, no significan
bias in the fit result is observed.

The results obtained by fitting the real data
shown in Figs. 3, 5 and 6. The Monte Carlo mod
of the combinatorial background is tested on r
dataD(s) candidates selected outside the signal m
window (Fig. 4). The numbers of wrong sign a
right sign events for each decay channel are give
Table 1. For the one-dimensional fit, the value of
χ2 is 4.8 compared to 10− 1 degrees of freedom. Th
two-dimensional fit has 52−1 degrees of freedom an
theχ2 is 52.0 (62.3) for theD0 (D+) sample.

3. Results and systematic uncertainties

For each charm decay mode, the fraction of wro
sign eventsb→ �D(s)X in the signalb→D(s), �D(s)X
is calculated from the numbers of wrong sign and ri
sign events:

(6)
B(b→ �D(s)X)

B(b→D(s), �D(s)X)
= NW

NW + (εW /εR)NR .
The results are given in Table 1. The factorεW/εR in
the denominator of Eq. (6) corrects for the differe
selection efficiencies of wrong sign and right si
mesons and was obtained from the simulation.

The wrong sign charm model used for the
assumes a 50% contribution of two-body decaysB →
D
(∗)+
s

�D(∗) to the wrong signDs signal and the sam
relative contribution ofB →D∗∗

s
�D to wrong signD.

The corresponding modelling uncertainty (Table 2
estimated by varying these ratios within(50± 13)%
and(50± 25)%, respectively.

The different decays used to model the right s
component are collected into four categories:b →
D(s)l

−ν̄l (X), b→D(s)π,ρ,ω, . . . , b→D(s)D
−
s (X)

and b → D(s)�D(X). To estimate the systematics r
lated to the right sign modelling, the relative cont
butions of b → D(s)l

−ν̄l (X), b → D(s)D
−
s (X) and

b → D(s)�D(X) to the signal are varied. The rang
are obtained from recent measurements (Table
The weight of each category is varied separately a
for the total, the different contributions are added
quadrature.

Further contributions to the systematic error a
normalisation of theZ→ cc̄ background (uncertaint
in Rc and in the fragmentation probabilities), norm
isation of the combinatorial background (uncertai
of the fit to the invariant mass distribution) and u
certainty in εW/εR . For theD+ → K−π+π+ sam-
ple which is particularly affected by the combinato
ial background, instead of using simulated data in
signal window, the fit is repeated using real data c
didates selected outside the signal window. Both
proaches are statistically consistent and the differe
in the fit result is interpreted as a systematic unc
tainty related to the combinatorial background sha

4. Conclusion

The production of wrong sign charm mesons
b-hadron decay,b → �D(s)X, D(s) = (D0,D+,Ds),
was studied using the DELPHI data collected in 19
and 1995, leading to a measurement of the fr
tion B(b→ �D(s)X)/B(b→D(s), �D(s)X). Combining
this measurement with the branching fractionsB(b→
D0, �D 0X)= (60.5±3.2)%,B(b→D±X)= (23.7±
2.3)% andB(b→D±

s X)= (18±5)% [8], the follow-
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Fig. 3. The wrong sign tagY(D(s)) and the momentum of the charmed meson in the rest frame of theb-hadronp(D(s)). The data are the points
with error bars; the histograms are the components of the fit function (as described in the text).
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Fig. 4. Same as Fig. 3 for candidates selected outside the signal mass window.
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Fig. 5. TheD0 momentum in theb-hadron rest framep(D0) in bins of the wrong sign tagY(D0). The data are the points with error bars; the
histograms are the components of the fit function (as described in the text).

Table 1
The fitted numbers of wrong sign and right sign mesons, the relative selection efficiency of wrong sign and right sign mesons and the fraction
of wrong sign events in the charm signal. The error on the number of events is purely statistical. The error quoted onεW /εR is just that due to
Monte Carlo statistics. The first error on the wrong sign fraction is statistical; the second one is the sum of all systematic uncertainties listed in
Table 2

Sample Wrong sign evts. Right sign evts. εW /εR
B(b→�D(s)X)

B(b→D(s),�D(s)X) (%)

D0 →K−π+ 383±81 3396±110 0.92±0.02 11.0±2.1± 1.5
D+ →K−π+π+ 186±86 1811±101 0.80±0.03 11.4±4.7± 3.5
D+
s → φπ+ 286±42 221±39 1.01±0.03 56.2±5.7± 3.3
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Fig. 6. Same as Fig. 5 forD+.
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ith
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nd
last
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ing result is obtained for wrong signD:

B
(
b→ �D 0X

) +B
(
b→D−X

)
(7)= (

9.3± 1.7(stat)± 1.3(syst)± 0.4(B)
)
%.

The first uncertainty is statistical, the second one
the sum of all systematic errors listed in Table
(accounting for correlated model systematics) and
last one corresponds to the uncertainties inB(b →
D0, �D 0X) andB(b → D±X) (note that the quote
statistical error includes both real data and Mo
Carlo statistics). This value is in good agreement w
previous measurements by CLEO [4] and ALEPH [
The inclusive branching fraction for wrong signDs is
found to be:

B
(
b→D−

s X
)

(8)= (
10.1± 1.0(stat)± 0.6(syst)± 2.8(B)

)
%.

Again, the first uncertainty is statistical, the seco
one is the total systematic error of Table 2 and the
one corresponds to the uncertainty onB(b→D±

s X).
This value agrees with the totalDs production rate a
theΥ (4S),B(B→D±

s X)= (10.0±2.5)% [8], where
the dominant source ofDs production is double charm
b-decay.
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Table 2
Breakdown of the systematic error on the wrong sign fractions. For the total, the different components have been added in quadratu

Source Value (%) &
B(b→�D 0X)

B(b→D0,�D 0X)
&

B(b→D−X)
B(b→D±X) &

B(b→D−
s X)

B(b→D±
s X)

Ref.

(%) (%) (%)

Model dependence (w.s.)
B →D∗∗

s
�D fraction (50±25) 0.12 1.15 [5,13]

B →D
(∗)+
s

�D(∗) fraction (50±13) 0.54 [2,3]

Model dependence (r.s.)
B

(
b→D0l− ν̄X

)
(6.60±0.60) 0.20 [14]

B
(
b→D+l− ν̄X

)
(2.02±0.29) 0.61 [14]

B
(
b→D+

s l
− ν̄X

)
(0.87±0.28) 0.61 [8]

B
(
b→D0D−

s X
)

(9.10±3.35) 0.08 [5]

B
(
b→D+D−

s X
)

(4.00±2.05) 0.59 [5]

B
(
b→D+

s D
−
s X

)
(1.17±0.71) 2.09 [5]

B
(
b→D0 �DX)

(6.45±2.08) 1.40 [5]
B

(
b→D+ �DX)

(1.80±0.96) 2.18 [5]

B
(
b→D+

s
�DX)

(1.17±0.71) 2.39
Z→ cc̄ background 0.09 0.05 0.56

Combinatorial background
normalisation 0.37 1.46 0.29
shape 1.56

εW /εR 0.41 1.04 0.13

Total 1.53 3.53 3.34
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