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Abstract

During the years 1994–1997, the emulsion target of the CHORUS detector was exposed to the wide-band neutrino
the CERN SPS of 27 GeV average neutrino energy. In total about 100 000 charged-current neutrino interactions were
the nuclear emulsion target and fully reconstructed. From this sample of events which was based on the data acquir
automatic scanning systems, 1048 charged-current interactions with a D0 in the final state were selected by a pattern recogni
program and confirmed as neutral-particle decays through visual inspection. The ratio of decay branching fractions0

into four charged particles to two charged particles was measured to beB(D0 → V4)/B(D0 → V2) = 0.207± 0.016± 0.004.
The inclusive measurement of the observed production rate of the D0 with a decay into four charged prongs in combinat
with external measurements of this topological branching ratio was used to determine the total D0 production rate by neutrino
without additional assumption on the branching fractions. The value of this rate relative to the charged-current cros
was found to beσ(D0)/σ (CC) = 0.0269± 0.0018± 0.0013. In addition, the same normalization method was used to de
the inclusive topological decay rate into final states with neutral particles only. A value of 0.218± 0.049± 0.036 was found
for this branching fraction. From an observed number of three charged six-prong events the branching ratio into six
particles was determined to be(1.2+1.3

−0.9 ± 0.2) × 10−3. A measurement of the energy dependence of the D0 production by
neutrinos relative to the total charged-current cross-section is also reported. This measurement was used to deducemc, the
effective charm-quark mass, a value of(1.42± 0.08) GeV/c2.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Charm production inνµ and ν̄µ charged-curren
interactions has been studied over the years in
eral experiments[1–7], mainly through the analysis o
the so-called dimuon events. In these, the non-lea
muon is assumed to be the product of the deca
a short-lived particle, charged or neutral, meson
baryon, containing a charmed quark. Experiments
this type, however, are affected by a large backgro
from the decay in flight of pions and kaons. In additi
they have to rely upon the knowledge of the relat
content of the different charmed particles’ species
the final state as well as of their decay branching fr
tions into states containing a muon.

On the other hand, poor statistics has been in
past the limiting factor of neutrino experiments whe
specific charmed particles are identified. This pr
lem has been partially overcome in CHORUS, ho
ever, and recently it has become possible to study
duction of individual charm species with hundreds
events[8].

While neutrino experiments have contributed to
tablish the production of charmed particles, in p
ticular of charmed baryons[9–16], the determination
of lifetimes and relative branching fractions rema
without doubt the domain of e+e− and photo- and
hadro-production experiments. This is indeed the c
for the D0, whose lifetime and some of its branchin
fractions (both in Cabibbo favoured and suppres
channels) have been measured to an extremely
degree of accuracy. Recent high-precision meas
ments were reported by the photo-production exp
ment FOCUS[17].

Yet, the sum of the measured decay widths is o
64% of the total[18]. This is explained by observin
that some exclusive decay modes—mostly involv
more than one neutral particle—remain unmeasu
since the D0 identification relies very often on th
reconstruction of the invariant mass, thus forcing
‘guessing’ of the partial width into these channels[19].

In a previous paper[8] we presented a measur
ment of the ratioσ(D0)/σ (CC) with decays of the D0

into two or four charged particles. In this Letter, wi
an increased statistics corresponding to the comp
event sample, we measure thetotal D0 production rate
in νN charged-current interactions and, using the
ergy dependence of this rate, obtain a value form ,
c
the effective mass of the charm quark. In addition,
measure the branching fraction of D0 into six charged
particles. Even though the statistics cannot comp
with that of e+e− and photo- and hadro-production e
periments, taking advantage of theinclusive character
of the measurement, we estimate the decay branc
fraction of D0 into final states with neutral particle
only.

The method used for the analysis is based on
observation that the topological branching fraction
the D0 into four charged prongs can be obtained by
sum of all known individual channels, and that me
surements for all relevant decay channels are avail
in the literature[18]. The missing decay modes a
those with two neutral particles in the final state. Th
contribution can be estimated to be of the same o
as the charged six-prong modes and is therefore n
gible. The situation for the two-prong decay mode
quite different. The contribution of unknown mod
is estimated to be significant[19] and is of the or-
der of the branching ratio into four charged particl
Therefore to use the topological branching fract
into four prongs is the most reliable method for obta
ing an absolute normalization. This allows us to d
duce the branching ratio into fully neutral final sta
from our inclusive measurement of the ratios of o
served charged two-prong (‘V2’), four-prong (‘V4’
and six-prong (‘V6’) events. In addition, the same o
servation makes it possible to determine a produc
cross-section for the D0 without further assumption
concerning its decay branching ratios.

2. The experimental set-up

The CHORUS detector was exposed to the wi
band neutrino beam of the CERN SPS during the ye
1994–1997. The beam consisted mainly ofνµ with
a contamination of 5%̄νµ and about 1%νe. In total
≈ 94 000νµ CC events with a negative primary muo
were located and fully reconstructed in the emuls
target.

The CHORUS detector is a hybrid set-up whi
combines a nuclear emulsion target with various e
tronic detectors such as trigger hodoscopes, a s
tillating fibre tracker system, a hadron spectrom
ter, electromagnetic and hadronic calorimeters,
a muon spectrometer[20]. The hadron spectromete
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measures the bending of charged particles using
air-core magnet, the calorimeter is used to determ
the energy of showers, and the muon spectromete
termines the charge and momentum of muons. Tra
reconstructed in the scintillating fibre detectors are
lowed upstream in the beam direction to locate
interaction vertices in the emulsion target. The nucl
emulsion is used as a target for neutrino interactio
and to visualize a precise three-dimensional rec
struction of the vertex region of the events.

The emulsion target has an overall mass of 770
and is segmented into four stacks. Each stack con
of eight modules of 36 plates of size of 36 cm×72 cm.
Each plate has a 90 µm plastic base coated on
sides with a 350 µm emulsion layer. Each stack
followed by three interface emulsion sheets havin
90 µm emulsion layer on both sides of a 800 µm th
plastic base and by a set of scintillating fibre targ
tracker planes. The interface emulsion sheets and
fibre tracker system provide accurate particle tra
tory predictions with a precision of about 150 µm
position and 2 mrad in the track angle.

The emulsion scanning is performed by compu
controlled, fully automatic microscope stages equi
ed with a CCD camera and a read-out system ca
‘track selector’ [21,22]. In order to recognize trac
segments in the emulsion, a series of tomographic
ages are taken by focusing at different depths in
emulsion layer. The digitized images are shifted
cording to the predicted track angle and then add
The presence of aligned grains forming a track is
tected as a local peak of the grey-level of the summ
image. In the absence of an angular prediction,
angles smaller than 400 mrad are tried by para
processing hardware. The track-finding efficiency
the track selector is higher than 98% for track slo
less than 400 mrad[23].

3. Event reconstruction

The event reconstruction starts with the patt
recognition in the electronic detectors. Tracks
found in the fibre-trackers in the target region a
independently, in the muon spectrometer. A match
is attempted between these two sets of tracks in o
to identify primary muons. Vertices are defined u
ing the points of closest approach of the fibre-trac
tracks (‘TT-tracks’). The primary vertex is the mo
upstream one that contains a muon. Such a muo
defined as primary muon, and used as the so-ca
‘scan-back’ track. The impact point of the scan-ba
track is predicted on the most downstream interf
emulsion sheets. The emulsion data-taking starts
the search for all scan-back tracks collected for the
tire exposure within an area of 1 mm2 centred around
each TT-track prediction. Emulsion tracks are selec
as candidates to be followed further upstream on
basis of the precise alignment of the interface sh
with respect to the fibre-trackers. This alignment
obtained by finding the best match of the full s
of predicted tracks with the full set of found cand
dates. The most selective parameter is the direc
of the predicted track. Once found, the set of sc
back tracks are followed upstream from one plate
the next within a strongly reduced scanning area
the resolution improves. Within the emulsion stac
the scanning area reduces to a square with 50
sides. As the scanning procedure continues, the p
to-plate alignment is obtained by a coarse adjustm
with reference marks refined by track maps m
sured in adjacent plates. The ‘vertex plate’ is defin
as the first (most downstream) of two consecu
plates where the scan-back track is not detected.
‘event location’ process is described in detail in Re
[23,24].

Once the vertex plate is identified, a very fast sc
ning system[25] is used to perform a detailed analys
of the emulsion volume around the vertex positio
recording, for each event, all track segments wit
a given angular acceptance. We refer to this type
scanning, originally developed for the DONUT exp
iment [26], as ‘NetScan’ data taking[27]. The proce-
dure is described in detail in Ref.[23].

In the CHORUS experiment, the scanning v
ume is 1.5 mm wide in each transverse direction
6.3 mm along the beam direction, corresponding
eight emulsion plates. This volume contains the v
tex plate itself, the plate immediately upstream, a
the six plates downstream from the vertex plate. T
plate upstream of the vertex acts as a veto for p
ing through tracks. The six plates downstream of
vertex act as decay space and are used to detec
tracks of the decay daughters. The scanning are
centred on the extrapolated transverse position of
scan-back track. The angular acceptance corresp
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to a cone of 400 mrad half-aperture aligned along
beam direction.

The first step of the NetScan event reconstructio
the selection of only those segments belonging to
neutrino interaction under study out of the large nu
ber of track segments reconstructed. A coarse plate
plate alignment is performed by comparing the patt
of segments in a plate with the corresponding pat
in the next upstream plate. With this coarse alignm
each segment found on one plate is extrapolate
the next plate where a matching segment is loo
for within about 4 µm (3σ of alignment resolution
in position and 20 mrad in angle. If none is found t
straight-line extrapolation is tried one plate further u
stream.

A second and more accurate inter-plate alignm
is performed using tracks passing through the en
volume after the connection of all matched segme
These tracks are mainly coming from muons ass
ated with the neutrino beam or charged-particle be
in the same experimental area. After this fine alig
ment, the distribution of the residual of the segm
positions with respect to the fitted track has an r.m
width of about 0.45 µm. At this stage, typically abo
400 tracks remain in the volume. The majority of the
are tracks of low-momentum particles (mainly Com
ton electrons andδ-rays) with momentum less tha
100 MeV/c. These background tracks are rejec
with a criterion based on theχ2 of a straight-line fit
to the track segments. The final step is the rejectio
all tracks not originating from the scanning volum
After this filtering, the mean number of tracks orig
nating in the scan volume is about 40.

The reconstruction algorithm then tries to assoc
the remaining tracks to common vertices. A track is
tached to a vertex if the distance of the vertex poin
the reconstructed track (called hereafter impact p
meter) is less than 10 µm. At the end of the proced
one defines a primary vertex (and its associated tra
and possibly one or more secondary vertices to wh
‘daughter tracks’ are attached.

Once the event is reconstructed, the charged-cu
candidates are further analysed and secondary ver
are recognized. An event is defined as a candidate
a charged-current neutrino interaction if the prima
muon track, defined by the electronic detectors
found in more than one emulsion plate. Decay topo
gies are selected with the following criteria. At lea
t

Table 1
Charged-current data sample and charm subsample

Located CC events 93807
Selected for visual inspection 275

Decay topologies with flight length< 25 µm 3
Topologies with kink angle< 50 mrad 11
Secondary interactions 278
Electron–positron pairs 95
Overlay neutrino interactions 44
Uncorrelated (overlay) secondary vertices 2
Passing-through tracks 12
All tracks from primary vertex 142
δ-rays 2
Other 15

Charged charm candidates 96
V2 819
V4 226
V6 3

Total charm candidates 201

one of the tracks connected to a secondary ve
is detected in more than one plate, and the direc
measured in the emulsion matches that of a track
constructed in the fibre tracker system. The pa
angle, in the case of a neutral particle decay dedu
from the line connecting the primary and second
vertex, should be within 400 mrad from the beam
rection. The impact parameter to the primary ver
of at least one of the daughter tracks is larger tha
value which is determined on the basis of the reso
tion, which depends on the track angle with resp
to the beam,θ .11 In order to remove random ass
ciation, the impact parameter is also required to
smaller than a value depending on the distance
which the track is extrapolated to the vertex. The ty
cal tolerance is 130 µm. The flight length of the par
candidate should be more than 25 µm.

From the current sample of 93 807 scanned
analysed neutrino-induced charged-current eve
these criteria select 2752 events as having a de
topology. These have been visually inspected (‘e
scan’) to confirm the presence of a decay. A second
vertex is accepted as a decay if the number of cha
particles is consistent with charge conservation
no other activity (Auger-electron or visible recoil)

11 The resolution to extrapolate to the vertex isσ =√
0.0032 + (0.0194 tanθ)2.
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observed. Only those events are used in which the
ondary vertex is consistent with the decay of a neu
particle. Thus the selection and identification of t
D0 sample used in this analysis is based on the de
topology of the D0 alone.

The result of the visual inspection is given inTa-
ble 1. The purity of the automatic selection is 73.2
The rejected sample consists of secondary hadr
interactions,δ-rays or gamma conversions, overl
neutrino interactions, and of low-momentum trac
which, due to multiple scattering, appear as tracks w
a large impact parameter. The remainder consists
ther of false vertices, being reconstructed using on
more background tracks, or of vertices with a par
track not connected to the primary (passing-throu
tracks).

4. Reconstruction efficiency and background
evaluation

The efficiency of the event reconstruction in t
electronic detector and the event location and rec
struction in the emulsion needs to be evaluated in
der to determine cross-sections of the processes u
study. The steps which have to be simulated are:

• the properties of the neutrino beam and the n
trino interaction in the target,

• the pattern recognition in the electronic tracki
detectors,

• the definition of the scan-back track,
• the event location technique in the emulsion,
• the pattern recognition in the emulsion, and
• the selection of candidates.

The event location procedure is sensitive to rand
losses in the scanning procedure due to imperfect
in the emulsion plates, which lead to a loss of
ficiency. Two situations can occur: during the pla
to-plate scan-back procedure a background track
been followed, or the scan-back track has been mis
on more than one consecutive plate. In the first c
this leads to the choice of a through-going track a
no vertex is located. In the latter case an incorrect
tex plate is found where no interaction vertex can
reconstructed. The size of this random loss is diffic
to simulate with precision. However, in both cases, t
r

loss of location efficiency is unbiased with respect
the details of the event being looked for, except fo
dependence on the momentum and angle of the s
back track. In charged-current interactions the m
is always chosen for that purpose. The strategy of
measurements is therefore to determineratios of rates,
either between different D0 decay topologies or be
tween D0 and CC rates. This strategy also has the
vantage that, for the other efficiency components, o
ratios need to be determined, thereby significantly
ducing the systematic error.

Ratios of the efficiencies in reconstructing and
lecting neutral charmed hadrons and charged-cur
interactions used for the normalization have theref
to be determined. The neutrino beam spectrum is s
ulated using the GBEAM[28] generator based o
GEANT3 [29]. The calculation of the prediction o
νµ in the beam is improved by using measureme
of hadron production performed by the SPY/NA
experiment[30] and by adjusting the simulation t
reproduce all components where the signal is not
pected. This procedure was developed within the N
MAD experiment [31]. When the neutrino scatte
off a nucleon, different physical mechanisms prod
charmed hadrons, however, D0’s are predominantly
produced in deep-inelastic interactions. Several Mo
Carlo generators are used[32]. Inclusive CC inter-
actions relevant for the normalization have to be
scribed by simulating quasi-elastic and deep-inela
processes. Deep-inelastic scattering interactions
simulated using the JETTA generator[33] which is
based on LEPTO 6.1[34] and JETSET[35]. This gen-
erator is used to simulate charm-production as w
as inclusive CC interactions used for the normali
tion. Quasi-elastic interactions and resonance pro
tion processes are simulated with the RESQUE ge
ator [36]. The simulation of the detector response
each process is performed by a GEANT3 based si
lation program.

The simulated response of the electronic detec
is processed through the same analysis chain as
raw data obtained with the detector. The simulation
the emulsion response can be divided into two pa
event location and event selection. The event lo
tion efficiency describes the shortcomings of find
charged-current interactions in emulsion. This e
ciency is approximated by a parametrization which
a function of the primary muon momentum and slo
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In order to evaluate the NetScan efficiency, realis
conditions of track densities in the emulsion have to
reproduced. These are obtained by merging the em
sion data of the simulated events with real NetS
data which do not have a reconstructed vertex but c
tain tracks which stop or pass through the NetS
fiducial volume. These so-called ‘empty volumes’ re
resent a realistic background. The combined data
passed through the same NetScan reconstruction
selection programs as used for real data. The nee
use measured empty volumes imposes a limitatio
the statistics which can be produced with the sim
lation. The details of the response of the autom
microscopes are used as input into this calculat
Important parameters are the angular resolution
efficiency as function of incident angle of the trac
The spread in the performance of the microscope
found to induce a difference of±2% in the calcu-
lation of the selection efficiencies for the charm d
tection. This variation is correlated for the differe
decay topologies, so that ratios of efficiencies are
affected. However, in the comparison between the
tection of CC events and the more subtle selec
of the decay signatures the detailed resolution of
microscopes plays a role. The weighted average
formance of the individual microscope stages is ta
for the calculation in order to minimize the unce
tainty. Taking into account this instrumental effect a
other factors, such as the uncertainty in the fragm
tation, we estimate a total systematic uncertainty
the efficiency of 2% when different D0 decay topolo-
gies are compared and 4% when inclusive CC ev
detection is compared with charm detection. It was
served that the strongest dependence on the effici
is given by the energy spectrum of the produced D0’s.
In an earlier publication the energy spectrum of
D0’s in the same event sample was compared with
simulation and found to be compatible[37]. The se-
lection efficiencies for different decay topologies (
ter reconstruction) and the relative overall efficienc
compared to CC interactions are shown inTable 2.
The value quoted for the overall efficiency in detect
D0’s takes into account the branching ratios measu
in this analysis, including unmeasured decay topo
gies, and the corresponding additional uncertaintie

The energy dependence of the efficiency for the0

reconstruction is shown inFig. 1. As a result of the
requirement that at least one track of the second
Table 2
Selection efficiencies and overall efficiencies relative to CC for
ferent decay topologies

Decay topology Selection efficiency
after reconstruction

Overall efficiency
relative to CC

D0 → V2 0.561± 0.018 0.483± 0.012
D0 → V4 0.754± 0.027 0.650± 0.019
D0 → V6 0.80± 0.18 0.69± 0.16
All D 0 decay modes 0.401± 0.027

Fig. 1. Ratios of the efficiency for the detection of D0’s relative
to CC interactions as function of neutrino energy. The data po
indicated with circles show the overall efficiency for D0 detec-
tion, the points marked with triangles and squares the efficiency
four-prongs and two-prongs, respectively.

vertex be matched with a track in the electronic det
tors, the efficiency for four-prongs is higher than f
two-prongs. Since the simulation contains too few s
prong events to determine their energy depende
this dependence is assumed to be equal to the on
four-prongs scaled with the average efficiency for s
prongs. This approximation has a negligible effect
the final result owing to the small value of this branc
ing ratio. The overall reconstruction efficiency for t
D0 is lower than the individual two- and four-prong e
ficiency because of the admixture of the decays in
fully neutral final state which are not detected in t
experiment.

Possible background sources for D0 decays are
mainly electron–positron pairs and decays of stra
particles. An electron–positron pair can be tagged
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a D0 decay if the opening angle is large. Since
momentum of these electrons is very low in this ca
at least one of them is scattered within a few pla
downstream of the decay vertex. So, this backgro
is eliminated by following the decay daughter whi
does not match a TT track. Neutral strange particle
cays such as�0 and K0

s induce a background which
small owing to their much longer decay length. Th
effect is determined by simulating neutral strange p
ticle production in deep-inelastic processes using
JETTA generator. The simulated production rate
consistent with measurements from the NOMAD e
periment in the same neutrino beam[38] within 9%
and 16% for K0s and�0 production, respectively. Pa
of this difference is explained by the slightly low
average energy in the NOMAD measurements. T
full simulation of the electronic detectors and of t
event reconstruction in the emulsion is used to ca
late the background from these neutral strange par
decays[39]. The number of events is evaluated to
11.5±1.9 �0’s and 25.1±2.9 K0

s’s, respectively. This
background is only present in the D0 decays into two
prongs.

Other sources of backgrounds are interactions
neutral particles without visible activity. A seconda
vertex is recognized as an interaction of a neutral p
ticle by visible activity at the interaction point or b
failing the requirement of charge conservation for
cays. Their number was estimated from an analysi
21 identified neutral interactions within the same d
sample. This sample contains events with one up
five prongs at the secondary vertex. From the 12 in
actions with an odd number of prongs, only one ev
shows no activity. From these numbers we estim
that the background from this source in the two-pro
D0 sample is 0.5±0.5 events, and in the four-prong D0

sample is 0.25± 0.25 events. For the six-prong sam
ple, only an upper limit of 0.19 events can be deriv
at 90% C.L.

The Dalitz decay of theπ0 causes a small migra
tion of n-prongs into the topological class withn + 2
charged particles. Using the value of(1.198±0.032)%
[18] for this decay rate, this effect is calculable w
sufficient precision.

The migration of the neutral decay modes into
class of two charged prongs is small—less than
event—because the efficiency to match an electro
positron to a TT track is reduced due to the show
Table 3
The decay modes used in the calculation ofB(D0 → V4)

D0 decay mode Branching fraction

K−π+π+π− 0.0746± 0.0031
K−π+π+π−π0 0.040± 0.004

K0π+π+π−π− 0.0064± 0.0018
π+π+π−π− 0.0073± 0.0005
K+K−π+π− 0.00249± 0.00023
K+K−π+π−π0 0.0031± 0.002

All four prongs 0.1339± 0.0061

ing of these particles. Using the average numbe
π0’s in the two-prong decay modes, a contributi
of 7.3 ± 1.5 two-prong events to the four prongs
calculated. The efficiency in detecting these dec
is similar to two-prong decays. With an accumula
branching fraction of 4.3% for the four charged pron
with an additionalπ0 (seeTable 3), one predicts tha
0.84±0.1 event migrates into the six-prong class. T
constitutes the largest background to this sample.
systematic errors in these numbers are the comb
tion with roughly equal weight of the statistics of th
number of observed decays, the knowledge of the
cay fractions into modes with extraπ0’s in D0 decays
and the detection efficiency.

5. D0 decay branching fractions and production
rate

The ratios of topological D0 branching fractions
can be obtained by correcting the observed numbe
events with their corresponding efficiencies and ba
ground. For the ratio of four prongs,B(D0 → V4), to
two prongs,B(D0 → V2), we find

B
(
D0 → V4

)
/B

(
D0 → V2

)
(1)= 0.207± 0.016± 0.004,

using the efficiency ratioε(D0 → V4)/ε(D0 → V2) =
1.34± 0.03± 0.03.

In a notation that will be used throughout, the fi
error is statistical and the second systematic. The m
component of the statistical error is given by the ev
statistics however, the limited statistics of the sim
lation is also taken into account in this error co
ponent, a convention which has been used for all
sults. The systematic error is an estimate of the
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certainty in the ratio of the detection efficiency f
four prongs and two prongs(±2%). The background
mentioned in Section4 has been subtracted from th
sample of two-prong candidates. Owing to their sm
number, the systematic error is negligible compa
to the uncertainty in the efficiency ratio. The val
is in good agreement with our previous measurem
0.23± 0.04, obtained on a partial sample reported
Ref. [8].

Even though the sum of the D0 branching fractions
has a large unmeasured part, the total of the m
sured exclusive channels being about 64%[18,19], the
fraction of decays into four charged particles is m
sured with a 4.6% relative accuracy and found to
B(D0 → V4) = 0.1339± 0.0061 [18]. The consid-
ered decay modes are shown inTable 3. The correla-
tion between the measurements of the first two mo
has been taken into account. Missing decay modes
those with four charged and two neutral daughter pa
cles. Their contribution can be estimated from the to
rate of six charged prongs, which is negligible wh
compared with the error.

The precision of this external measurement,
gether with the observed number of D0 decays into
four charged hadrons, can be exploited to yield
ratio of the cross-sectionsσ(D0)/σ (CC), where the
decays of D0 include also modes which are not d
tectable in CHORUS. The external information pr
vided by the value ofB(D0 → V4) also allows the
measurements of absolute branching fractions to
made using ratios with respect to this decay topolo

The topological branching fraction into two charg
particles can be obtained using the external meas
ment ofB(D0 → V4) and the ratio reported in Eq.(1).
We find a value

(2)B
(
D0 → V2

) = 0.647± 0.049± 0.031.

The systematic error is dominated by the uncerta
in the value ofB(D0 → V4). Summing all measure
decay modes with two charged daughters in the lite
ture, one finds a valueB(D0 → V2) = 0.485± 0.020
[18]. The difference does not represent a discrepa
since in this experiment the inclusive two-prong dec
mode is measured; while the latter branching fract
is the sum of all exclusive channels for which measu
ments exist. However, as pointed out by Wohl[19], the
importance of the unmeasured modes (mostly con
ing of states with two or more neutral particles) c
be ‘guessed’ by comparing similar channels involv
charged particles. For instance D0 → K−π+π0π0 and
D0 → K0π0π0π0 are not measured. Their branc
ing fractions can be ‘guessed’ to be equal to
measured sum of the D0 → K−π+π+π− and D0 →
K0π+π−π0 branching fractions. In this procedu
isospin is used even though this is not strictly appli
ble to weak decays (hence the use of the word ‘gu
ing’.) With this method a value ofB(D0 → V2) =
0.636± 0.026± (guess uncertainty) is obtained,
agreement with the measurement quoted in Eq.(2).
It should be noted that the uncertainty in the gues
modes has not been included in the first error,
cept for a scaling factor, and an additional inher
uncertainty in the extrapolation to unmeasured mo
has been indicated generically by the error mar
‘guess uncertainty’. Similarly, for the ratioB(D0 →
V4)/B(D0 → V2) summing all measured modes, o
finds a value 0.276± 0.017, while correcting for un
measured branching ratios a value 0.211± 0.013±
(guess uncertainty) is obtained, again in good ag
ment with our direct determination given in Eq.(1).

Three events were observed with six charg
daughter tracks. Using again the normalization of
total decay width provided by the external knowled
of B(D0 → V4) and taking into account the bac
ground of four prongs with Dalitz decays of theπ0

and the estimate of the background coming from n
tral strange particle decays, one obtains a value o
branching ratio into six prongs

(3)B
(
D0 → V6

) = (
1.2+1.3

−0.9 ± 0.2
) × 10−3.

The statistical error is determined following the proc
dure described in Ref.[40] and has the meaning of
68% confidence interval. The systematic error is gi
by the uncertainty in the background and in the e
ciency determination. This measurement is in agr
ment with previous measurements of exclusive mo
in hadro-production[41] and photo-production[42]
experiments. The recent and more precise meas
ment reported by FOCUS[42] gives a value for the
sum of all observed modesB(D0 → V6) = (0.59±
0.12) × 10−3. Within the errors, our measurement
compatible with the latter number and also give
limit to the strength of modes not observed in the
clusive measurements. The small value for the cha
six-prong branching fraction given in Eq.(3) justi-
fies our approximation to neglect the modes with t



CHORUS Collaboration / Physics Letters B 613 (2005) 105–117 115

our

is-
into
ced

en
ur-
ys-

red

ss-
e
out
ac-
e-

nse
or
d

he
ple
n.
o-
of

r-
n

e

can
lue

t is
is

vi-
cay-
sent
ea-
de-

-
ned
ino
the
to-
for
ea-

eam
nly
d is
osi-
a-

s

m
en-
he
ge

on
cor-
by
gy-
ing
ects
l de-
ction
e
te
red

and
eir
-

neutral daughters in the normalization based on f
prongs.

From the results of the branching fractions into v
ible decays mentioned above, the branching ratio
final states with all neutral daughters can be dedu
using the equation

B
(
D0 → V0

)
= 1− B

(
D0 → V4

)

(4)×
[
1+ B(D0 → V2)

B(D0 → V4)
+ B(D0 → V6)

B(D0 → V4

]
.

We obtain the result

(5)B
(
D0 → V0

) = 0.218± 0.049± 0.036.

The main component of the statistical error is giv
by the propagation of the error in the number of fo
prong events while the main contribution of the s
tematic error is the uncertainty inB(D0 → V4). This
result is significantly larger than the sum of measu
neutral decay modes[18] (≈ 5%). However, in this
case as well, Wohl predicted a result of≈ 25% in
agreement with this measurement[19].

As mentioned above, the relative production cro
section of D0’s in CC interactions with respect to th
inclusive CC cross-section can be obtained with
making assumptions concerning the branching fr
tions of the D0 by using the observed number of d
cays into four prongs andB(D0 → V4). This approach
minimizes the systematic uncertainty at the expe
of the statistical error. The ratio of efficiencies f
the detection of D0’s decaying into four prongs an
CC events was estimated to beε(D0 → V4)/ε(CC) =
0.650± 0.013± 0.015. With the statistics given inTa-
ble 1a value of

(6)σ
(
D0)/σ(CC) = 0.0269± 0.0018± 0.0013,

for the relative rate compared to CC is obtained. T
statistical error is dominated by the limited V4 sam
with a negligible contribution of the CC normalizatio
The systematic error is mainly given by two comp
nents: the uncertainty in the external knowledge
B(D0 → V4) and the ratio of the efficiencies of fou
prong D0 events and CC interactions which is know
to 3%.

The result quoted in Eq.(6) is consistent with
our previous measurementσ(D0)/σ (CC) = 0.0199±
0.0013 ± 0.0017 [8], which only considered th
branching ratios into two and four prongs[8]. Using
the measurement ofB(D0 → V0) given in Eq.(5),
the central value of the previous measurement
be translated to include all decay modes to the va
0.025.

The statistical error of the present measuremen
given by the number of four-prong decays only, and
therefore larger than the statistical error of the pre
ous measurement which was obtained using all de
events. However, the procedure used in the pre
analysis allows the total production rate to be m
sured without assumption concerning the invisible
cay modes.

The energy dependence of the D0 production cross
section relative to the CC interaction rate was obtai
by estimating the energy of the interacting neutr
on an event-by-event basis. A good estimate is
sum of the energy of the primary muon and the
tal energy deposition in the calorimeter corrected
the energy deposited by the muon and for the unm
sured energy loss of hadrons in the material upstr
of the calorimeter. This unmeasured part is mai
due to the absorption in the emulsion stacks an
corrected as function of the measured vertex p
tion. The resolution of the calorimeter energy me
surement isσ(E)/E = (0.323± 0.024)/

√
E/GeV+

(0.014±0.007) [20]. The momentum resolution varie
from ≈ 15%[43] in the 12–28 GeV/c interval to 19%
[20] at about 70 GeV/c, as measured with test-bea
muons. Events are summed in bins of estimated
ergy irrespective of their decay topology. Owing to t
relatively small size of the energy bins, the avera
neutrino energy is very similar for charm producti
events and CC events within the same bin, and no
rection is necessary. The efficiency is calculated
weighting the energy-dependent and decay topolo
dependent efficiencies with the measured branch
ratios as reported above. This procedure also corr
the total cross-section for the unmeasured neutra
cay modes. The energy dependence of the dete
efficiencies is given inFig. 1. The measurement of th
D0 production rate relative to the CC interaction ra
is shown as function of neutrino energy and compa
with the measurement from E531[44] in Fig. 2. The
E531 points are drawn using their total charged
neutral charm particle production rate scaled to th
overall cross-section for the D0, and are in good agree
ment with the present measurements.
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Fig. 2. Energy dependence of the cross-section ratio. The data p
drawn as full lines show the measurements reported here, the d
lines the E531[44] results. The curve through the data points sho
the result of the model calculation as described in the text.

The energy dependence can be compared with
prediction of charm production models. We used
structure function model in Ref.[45] (GRV94LO),
with the parameters listed inTable 4. This parame-
trization includes slow rescaling[46], which is sen-
sitive to the effective charm quark mass,mc, and the
parton distributions. In the determination ofmc, the
most sensitive parameters are the relative fraction
the strange sea compared to the down-quark seκ ,
and the difference in the exponent of thex depen-
dence of the strange and down sea,α. Fits to the
observed energy dependence of the D0 cross-section
where performed using different sets of values of th
parameters. The value ofεp (the Peterson et al.[47]
parameter) used corresponds with the measurem
quoted forεs

p in Ref. [37] based on the same D0 event
sample, consistent with the convention used in
Lund model[35]. Values of the Cabibbo–Kobayash
Maskawa matrix elementsVcd andVcs were fixed at
their known values[18]. The results of this fit are give
in Table 4. We find a best fit value:

(7)mc = (1.42± 0.08) GeV/c2,

where the error is statistical only. Variations ofα and
κ show derivatives of the best fit value which can
expressed as�(mc) = (0.11(κ −0.38)−0.06(α −1))

GeV/c2. Repeating the analysis with a variation of t
value ofε within the errors quoted in Ref.[37] and
p
t

Table 4
Fit parameters for the model curve

Variables Value Variation

mc (1.42± 0.08) GeV/c2 fitted
κ 0.38 ±0.10
α 1 ±1
εs
p 0.083±0.013±0.010 ±0.02

Vcd 0.221 fixed
Vcs 0.97437 fixed

with different sets of structure functions a systema
error of±0.04 is deduced. The experimental syste
atics is similar to this value.

In summary, using a high-statistics inclusive0

sample obtained by selecting decay topologies in
emulsion target, a measurement of branching ra
and of the production cross-section was perform
In particular, the ratio of D0 branching fractions into
four and two charged particles was determined to
0.207± 0.016± 0.004. Using the value quoted in th
PDG [18] for the D0 decay mode into four charge
hadrons as normalization, the topological branchi
into two and six charged particles were obtained
well as that into states containing only neutral dau
ters. The production cross-section relative to CC in
actions was measured to be 0.0269±0.0018±0.0013.
From the energy dependence of this ratio a value
(1.42± 0.08) GeV/c2 was extracted for the effectiv
mass of the charm quark.
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