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Abstract

From 1994 to 1997, the emulsion target of the CHORUS detector was exposed to the wideband neutrino beam of t
SPS. In total about 100 000 charged-current neutrino interactions were located in the nuclear emulsion target and fu
structed. From this sample of events based on the data acquired by new automatic scanning systems, 2013 charm-d
were selected by a pattern recognition program. They were confirmed as decays through visual inspection. Based
events, the effective branching ratio of charmed particles into muons was determined to beB̄µ = [7.3± 0.8(stat)± 0.2(syst)]×
10−2. In addition, the muonic branching ratios are presented for dominating charm-decay topologies. Normalizatio
muonic decays to charged-current interactions providesσµ−µ+/σcc = [3.16± 0.34(stat) ± 0.09(syst)] × 10−3. Selecting only

events with visible energy greater than 30 GeV gives a value ofB̄µ that is less affected by the charm production threshold
quasi-elastic�+

c production. Combining this value with the current average ofB̄µ ×|Vcd|2 at the leading order yields the valu
of |Vcd|LO = 0.236± 0.016.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Dimuon production in neutrino charged-current
teractions has been studied in several experime
in particular, CDHS[1], CCFR [2], CHARM [3],
CHARM-II [4], NOMAD [5] and NuTeV [6] by
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9 On leave of absence from INFN, Ferrara, Italy.
means of electronic detectors. In these events,
leading muon is interpreted as originating from t
neutrino vertex and the other, of opposite charge
the decay product of the charmed particle. The st
of dimuon events provides information on the stran
quark content of the nucleon, the charm mass,
the Cabibbo–Kobayashi–Maskawa (CKM) matrix e
mentsVcd andVcs. Experiments of this type, howeve
suffer from the presence of a large background
which the second muon originates from an unrec
nized decay of a pion or a kaon rather than from
charm decay. Moreover, the type of charmed part
and its decay topology cannot be precisely identifi
in these experiments. The overall normalization of
charm production rate in terms of the dimuon rate
given by the average semileptonic branching fract
defined as the weighted average of the semilept
branching fractions for individual charmed hadr

mailto:jaap.panman@cern.ch
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species with the corresponding charmed fractions
weights.

Compared with the study of dimuon events w
electronic detectors, a much lower level of backgrou
can be achieved using an emulsion target which p
vides a sub-micron spatial resolution and, hence,
topological identification of charmed hadron deca
This technique has been applied in the E531 ex
iment at FNAL to measure the production fractio
fDi

. These data have been combined[7–9] with the
individual semileptonic branching fractions to yie
the probability that charm particles decay semil
tonically. However, the statistics accumulated in
E531 experiment was limited to 125 charm events
the result was affected by the poor knowledge of
branching ratio of the D0 into a final state with only
neutral particles. Only recently, with the developm
of automatic scanning devices of much higher sp
within CHORUS, it has become possible to study la
samples of charm events produced in nuclear em
sions[10].

The inclusive measurement of the semilepto
branching ratio of charmed hadrons based on a sm
sample of events has already been reported in a
vious papers[11,12]. Since then a completely ne
muon reconstruction algorithm has been implemen
with the aim of reducing the systematic error on
measurement. The current analysis is based on
complete sample of 2013 manually confirmed cha
events. Taking advantage of the manual measurem
of the decay topology, the muonic branching ra
is determined separately on the basis of the n
ber of charged daughters (‘prongs’) of the charm
particle. The number of events is sufficient to det
mine the average muonic branching fraction direc
from the number of charm events with a second
muon in the final state, with an uncertainty compa
ble with that obtained by existing, indirect, measu
ments.

2. The experimental apparatus

The CHORUS detector[13] is a hybrid set-up tha
combines a nuclear emulsion target with various e
tronic detectors. The nuclear emulsion is used as ta
for neutrino interactions, allowing a three-dimensio
reconstruction of short-lived particles like theτ lep-
t

ton and charmed hadrons. The emulsion target, w
is segmented into four stacks, has an overall mas
770 kg, each stack consists of eight modules of
plates of size 36 cm× 72 cm. Each plate has a 90 µ
plastic support coated on both sides with emuls
layers of 350 µm thickness. After development,
emulsion thickness diminished on average by a
tor of two. This effect is taken into account durin
track reconstruction. Each stack is followed by th
interface emulsion sheets with an emulsion layer
90 µm thickness on both sides of an 800 µm th
plastic foil and by a set of scintillating-fibre track
planes. The interface sheets and the fibre trackers
vide accurate predictions of particle trajectories i
the emulsion stack for the location of the vertex p
sitions. The accuracy of the fibre tracker prediction
about 150 µm in position and 2 mrad in the track an
The emulsion scanning is performed by fully au
matic microscopes equipped with CCD cameras a
readout system, called ‘Track Selector’[10]. In order
to recognize track segments in the emulsion, a serie
tomographic images are taken by focusing at differ
depths in the emulsion thickness. The digitized ima
are shifted according to the predicted track angle
then summed. The presence of aligned grains form
a track is detected as a local peak of the grey-leve
the summed image. The track-finding efficiency of
Track Selector is higher than 98% for track slopes l
than 400 mrad[14].

The electronic detectors downstream of the em
sion target include a hadron spectrometer that m
sures the bending of the charged particles in an
core magnet, a calorimeter where the energy and
rection of electromagnetic and hadronic showers
measured, and a muon spectrometer which determ
the charge and momentum of muons. The calorim
has a finer-grained upstream part (EM) for the m
surement of electromagnetic showers and a coa
grained downstream part to contain hadronic show
The hadronic calorimeter, in turn, consists of two pa
the so-called HAD1 and HAD2. Together, HAD1 a
HAD2 contain 10 scintillator planes and 18 planes
streamer tubes oriented in alternate orthogonal pro
tions. The muon spectrometer is located behind
calorimeter. The calorimeter of 5.2 hadronic inter
tion lengths filters out nearly all the particles produc
by neutrino interactions in the emulsion target exc
muons with momentum greater than∼ 1.5 GeV/c.



28 CHORUS Collaboration / Physics Letters B 626 (2005) 24–34

de-
ars

rgy,

tion
es
. In
fied
nd
on
om
ses
ime-

ent
n-
osi-

ck
am

nto
is

xt.
ords
ear-

for
ck
the
ver-
st
S)
ul-
for
ular
igi-

ol-
and

to
er-
ing

ates
tes
ks of
d on
ack

cone
di-

this

ion
er
to

uc-
s to
o-

ary
one
cks
that
re-
the

cur-
rino-
lect
ye-
er-
ged
and
is
en
or
ged

ack-
The CHORUS detector was exposed to the wi
band neutrino beam of the CERN SPS during the ye
1994–1997, with an integrated flux of 5.06×1019 pro-
tons on target. The beam, of 27 GeV average ene
consisted mainly of muon neutrinos with a 5%ν̄µ con-
tamination.

3. Event reconstruction and selection of decay
topologies

The event reconstruction, based on the informa
from the electronic part of the detector, determin
whether an event originates in the emulsion stack
charged-current events, the primary muon is identi
with high efficiency by the reconstruction program a
a precise prediction of the impact point of this mu
with the downstream plate of the emulsion stack fr
which it emerges is determined. The algorithm u
the spectrometer, the streamer tubes in the calor
ter, and the fibre tracker to reconstruct this track.

The emulsion scanning of a charged-current ev
starts with the location of this muon in the most dow
stream plates using the reconstructed slope and p
tion information. This track is called the ‘scan-ba
track’. The track segments found in these downstre
plates are then extrapolated with high precision i
the emulsion stack. If found, the scan-back track
then followed upstream from one plate to the ne
In each plate, the automatic scanning system rec
only the most upstream 100 µm layer. The disapp
ance of the scan-back track serves as an indication
the position of the primary vertex. If a scan-back tra
is not located on two consecutive emulsion plates,
first one is assumed to be the plate containing the
tex. Once the ‘vertex plate’ is identified, a very fa
scanning system, called ‘Ultra Track Selector’ (UT
[15], is used to perform a detailed analysis of the em
sion volume around the vertex position, recording,
each event, all track segments within a given ang
acceptance. We refer to this type of scanning, or
nally developed for the DONUT experiment[16], as
‘NetScan’ data taking[17].

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, act
as a veto for passing through tracks, and the six pl
downstream from the vertex plate. The latter six pla
act as decay space and are used to detect the trac
the decay daughters. The scanning area is centere
the extrapolated transverse position of the scan-b
track. The angular acceptance corresponds to a
of 400 mrad half-aperture aligned along the beam
rection. At present, about 150 000νµ and ν̄µ events
have been located in emulsion and analysed with
procedure.

The first task of the NetScan event reconstruct
in the emulsion is to select, from the large numb
of recorded track segments, only those belonging
the neutrino interaction under study. The reconstr
tion algorithm then tries to associate these track
common vertices. A detailed description of the alg
rithms to reconstruct the vertices is given in Ref.[17].
At the end of the procedure, one defines a prim
vertex (and its associated tracks) and possibly
or more secondary vertices to which daughter tra
are attached. A further selection is then applied
preserves a high efficiency for decay vertices and
jects most background topologies. In this analysis
same event sample was used as in Ref.[18], where the
procedure has been described in detail. From the
rent sample of 93 807 scanned and analysed neut
induced charged-current events, these criteria se
2752 events which have been visually inspected (‘e
scan’) to confirm the decay topology. A secondary v
tex is accepted as a decay if the number of char
particles is consistent with charge conservation
no other activity (Auger-electron or visible recoil)
observed. The result of the visual inspection is giv
in Table 1. The notation C1, C3, and C5 is used f
decays of charged particles into 1, 3, and 5 char

Table 1
The number of charm candidates and the relative number of b
ground events in the various samples

Decay topology Number of charm
candidates

Background events

C1 452 43.3± 2.4
V2 819 36.6± 3.5
C3 491 3.8± 0.2
V4 226 negligible
C5 22 1.5± 0.1
V6 3 negligible

Total sample 2013 85.2
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prongs, respectively, and V2, V4, and V6 for neut
particle decays with 2, 4 and 6 charged prongs, res
tively. The purity of the automatic selection is 73.1%

There is a non-negligible fraction of non-char
events in the manually confirmed sample. This c
tamination is mainly due to hadronic interactions t
fake charm decays (white kinks), and decays of�±,
K0

s and�0. The backgrounds from the decays of t
strange particles were estimated using the JETTA[19]
MC generator which is based on LEPTO 6.1[20]. The
production rate of the strange particles normalized
the charged-current events was found to be consis
with NOMAD data[21,22]. The last column ofTable 1
shows the number of background events in the ch
decay topologies.

4. Reconstruction efficiency

To estimate the efficiencies of the charmed had
selection, several Monte Carlo generators were u
[23]. The neutrino beam spectrum was simulated
ing the GBEAM[24] generator. It uses FLUKA98[25]
to describe the interactions of protons with the be
lium target. When the neutrino scatters off a nucle
different physical mechanisms can produce charm
hadrons. Deep-inelastic scattering processes were
ulated using the JETTA generator[19]. Simulation
of quasi-elastic charmed baryon production was p
formed by QEGEN[26]. This generator uses diffe
ential cross-sections by Shrock and Lee[27]. For the
diffractive production of charmed mesons, the ASTR
[28] generator was used. The simulation of the
tector response for each process was performed
GEANT 3.21[29] based simulation program. Simul
tion of the emulsion response can be divided into t
parts: event location and event selection. The ev
location efficiency describes the shortcomings of fi
ing charged-current interactions in emulsion. This
ficiency was parametrized by a function of the prima
muon momentum and angle. The muon momen
distribution is different for the two samples of C
events, containing and not containing charm. The
pendence of the ratio of the location efficiencies a
function of visible energy is not strong, and the av
age value of the ratio is

(1)
εcharm

loc

εcc = 0.92± 0.02.

loc
t

-

In order to evaluate the selection efficiency
charmed hadrons in emulsion, realistic conditio
have to be reproduced. These were obtained by m
ing the emulsion data of the simulated events w
real NetScan data that do not contain a reconstru
vertex, thus accurately representing the experime
background. The combined data were passed thro
the same NetScan reconstruction and selection
grams as used for real data.

The determination of the muonic branching ratio
charmed hadrons depends on the ratio of the selec
efficiency for all decays modes of these hadrons (0,
D+, D+

s and �+
c ) and for their specific muonic de

cay channels. Excited charmed states or other char
hadrons disintegrate through strong or electromagn
interactions into these four charmed particles. The
ference in the reconstruction efficiency is taken i
account by introducing the following factor for ea
number of prongsn:

(2)R(n-prong) =
∑

Di→n fDi
εDi∑

Di→n fDi
ε
µ
Di

,

where, for example, the sum is taken over D+
s , D+and

�+
c if n is odd. The quantitiesfDi

are the charm pro
duction fractions which include the different char
production processes,εDi

is the selection efficienc
for different charm species,εµ

Di
is the selection effi-

ciency for the charm particles with a muonic dec
For D0 → V2 or V4 (decay of a neutral particle int
two or four charged prongs), theR-factor becomes jus
the ratio of these two efficiencies, sincefDi

cancels
out. Also theR-factor can similarly be defined for
mixture of different topologies. The first two colum
of Table 2show different estimations of the fraction
In both cases, the same value of the branching r
of the D0 into final states with all neutral particle
is used[18]. One (JETTA) is the model used in th
Monte Carlo, the other (E531) is the only direct me
surement of the fractions in the literature[7]. These
results on the charged charm decay topologies are
here into two different categories, C1 and C3. It
worth stressing that the exact values of the produc
fractions are not very important because the even
construction efficiency does not change dramatic
from one charm species to the other and the effe
further weakened when taking the sum. For this par
ular analysis, the ratioεDi

/ε
µ plays a more importan
Di
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Table 2
Charm production fractions from a reanalysis of the E531 data (
column) [9] and from the JETTA generator (second column). T
fractions take into account the branching fraction of the D0 into fi-
nal states with all neutrals[18] and they are normalized to the tot
charm production. The last two columns represent the overall s
tion efficiency and selection efficiency for decays with a muon
the final state

D0 fD0(E531) fD0(JETTA) εD0 ε
µ

D0

V0 0.12 0.11 0 –
V2 0.38 0.38 0.57± 0.01 0.61± 0.02
V4 0.09 0.09 0.75± 0.01 0.78± 0.02

D+ fD+ (E531) fD+ (JETTA) εD+ ε
µ

D+
C1 0.07 0.10 0.24± 0.01 0.29± 0.02
C3 0.07 0.12 0.53± 0.01 0.56± 0.03

D+
s fD+

s
(E531) fD+

s
(JETTA) εD+

s
ε
µ

D+
s

C1 0.06 0.03 0.33± 0.02 0.39± 0.08
C3 0.05 0.04 0.70± 0.02 0.77± 0.05

�+
c f

�+
c

(E531) f
�+

c
(JETTA) ε

�+
c

ε
µ

�+
c

C1 0.08 0.03 0.21± 0.02 0.25± 0.05
C3 0.07 0.05 0.52± 0.02 0.58± 0.14

Fig. 1. Average NetScan selection efficiency for charm as a func
of visible energy as obtained with the simulation with the visi
energy spectrum of charm events (in arbitrary units) as overlay.

role than the production fractions. Nevertheless, a
tematic error onR is introduced as a result of choosin
different sets of the fractionsfDi

. In many cases, th
errors onR may be neglected since they are small w
respect to the other sources.

The selection efficiencies and the production fr
tions are summarized inTable 2. Fig. 1shows the en
ergy dependence of the selection efficiency when
Table 3
The values of theR-factor defined in the text for different char
decay topologies and their mixtures. The systematic errors inc
the uncertainty on charm production fractions and on the branc
ratio D0 into neutrals for the inclusive case. The first error quo
is statistical and, when present, the second is the systematic
The last column shows the relative systematic errors on the mu
branching ratio from the muon identification described in Sectio5

Topology R σ id
syst (%)

C1 0.83± 0.06± 0.01 4.7± 0.3
V2 0.93± 0.02 4.4± 0.2
C3 0.92± 0.06± 0.01 10.7± 0.8
V4 0.96± 0.02 negligible
C1+ C3 0.89± 0.04± 0.01 5.6± 0.4
V2 + V4 0.94± 0.01± 0.01 3.6± 0.2
Inclusive 0.80± 0.01± 0.01 3.3± 0.1

four charm species are taken together. Two factors
termine why at small visible energies the selection
less efficient: the opening angle of charm daugh
is larger; the flight path of charm is shorter and th
a secondary track might be attached to the prim
vertex. At high energies, a large fraction of charm
hadrons decays near the edge or beyond the fidu
volume. Substitution of the numbers fromTable 2in
Eq.(2) gives the estimates ofR shown inTable 3.

5. Identification of secondary muons

The identification algorithm is based on the info
mation from the downstream part of the detector:
calorimeter, and the muon spectrometer. The proba
ity for hadrons to reach the muon spectrometer with
interaction in the calorimeter is about 5%. In the ca
of secondary muons, to require a track in the sp
trometer would unavoidably lead to a loss in angu
acceptance and to a threshold for the muon mom
tum between 1.5 GeV/c and 2.5 GeV/c, depending
on the track angle. An algorithm using the range in
calorimeter was developed to sample low-momen
muons. In general, optimal criteria for primary a
secondary muons are different because these class
muons have different kinematical properties and ba
ground.

The muon recognition algorithm is track-driven a
uses the extrapolation of tracks reconstructed in
emulsion into the calorimeter and the first spectrom
ter module. A track is assumed to be a muon from
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Table 4
Number of secondary tracks identified as muons in real data, b
ground normalized to the number of selected tracks, and ide
cation efficiency as obtained from simulation. The errors on
identification efficiencies are determined by the limited Monte Ca
statistics. The identification criteria for V4 sample are explaine
the text. In the inclusive case the samples are combined usin
weights fromTable 2. The last column shows muonic branching
tios for different prong samples and their mixtures. The first e
quoted is statistical and the second is the systematic error. The
tistical errors include the uncertainty on the number of identi
muons and the error on the identification efficiency

Number
of prongs

Selected Background εid
µ (%) B̄µ (%)

C1 20 0.8 36.0± 3.4 10.8±2.4±0.5
V2 34 9.8 34.5± 1.9 8.3±1.4±0.4
C3 17 8.4 26.4± 2.6 6.1±1.6±0.6
C1+ C3 37 9.2 31.7± 3.1 8.6±1.4±0.4
V2 + V4 36 9.8 30.1± 1.5 8.1±1.5±0.3
Inclusive 73 19.0 30.4± 2.1 7.3±0.7±0.2

charm decay if it originates from a downstream s
ondary vertex within the NetScan volume and if it
either matched to a spectrometer track or can be
trapolated with sufficient range as measured by
scintillators or streamer tubes in the calorimeter a
the first magnet of the spectrometer. The range co
tion is only used if there are sufficiently many isolat
streamer tube hits found along the track or if the
ergy deposition in HAD2 is below a threshold value

There are several sources of background to
muon definition. Those giving the largest contrib
tions are punch-through hadrons and muons from
cays ofπ ’s and K’s that have been matched to em
sion tracks. All other processes give a minor contri
tion.

The result of applying the criteria described abo
to tracks emerging from secondary vertices is sho
in Table 4for each decay topology separately. It w
verified that none of the background sources prese
in Table 1significantly contributes to the sample wi
a muon coming from the secondary vertex. Beca
of the limited statistics in the five-prong and six-pro
samples, these events are not included in the table.
identification efficiency as a function of seconda
muon momentum is presented inFig. 2.

The main source of systematic uncertainty in
muonic branching ratio is the systematic error
the secondary muon identification. The identificat
Fig. 2. Identification efficiencyεid
µ for muons coming from charm

and their spectrum as obtained from simulation.

method is not very sensitive to changes in the crite
on the matching with muon tracks found in the sp
trometer. However, it does depend on the details of
scintillator range estimator, the streamer tubes ra
estimator, the isolation measured with the strea
tubes, and the energy deposited in the most do
stream part of the hadronic calorimeter. An estim
of the systematic error is obtained by a variation of
cuts on the parameters in the secondary-muon id
tification procedure. For each set of cuts applied
the estimators a value ofBµ is obtained. The varianc
gives an estimate of the systematic error of the m
surement; these uncertainties are given inTable 3.

Another source of the systematic error is the cho
of the parameters of the model used in the simulat
The charm quark mass,mc, the choice of the par
ton distribution functions, GRV94LO[30] and CTEQ3
[31], and the relative fraction of the strange sea co
pared to the down-quark sea,κ , affect the momentum
spectrum of the muons coming from charm deca
The variation limits formc andκ are consistent with
the values of the fit parameters describing the ene
dependence of the D0 production cross-section me
sured with the same sample of events (see Ref.[18]):
mc = (1.42 ± 0.08) GeV/c2 and κ = 0.38 ± 0.10.
The relative systematic error obtained in this m
ner corresponding to one standard deviation is eq
to σmodel

syst = 1.6%. For the V4 sample the tighter r
quirement that a secondary track be associated w
positively charged spectrometer track was applied
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order to optimize the signal to background ratio. T
criterion selects two events out of 226. If the sp
trometer track is required to have negative charge
events are selected. Background for such events c
come from hadronic charm decays with one of
charm daughters decaying muonically. It has also b
verified that the muonic background coming from d
cays of strange particle (K0s, �0) daughters is small
A Monte Carlo simulation shows that the level of ide
tification background corresponding to this sample
(3.4± 0.4) × 10−2.

6. Results and conclusions

Bn
µ, the muonic branching ratio for eachn-prong

sample, can be written in terms of measurable qua
ties as

Bn
µ =

∑

i

f n
Di

Bn(Di → µ+X)

(3)= N2µ − Nbkgr

Nεid
µ

R(n-prong),

where the sum is taken over the contributing charm
hadrons,N is the total number of events in then-prong
sample corrected for non-charm background,N2µ is
the number of tracks identified as secondary muo
Nbkgr is the number of background tracks inN2µ from
Table 4, andεid

µ is the secondary muon identificatio
efficiency. The inclusive value of the ratio is calculat
as a weighted sum of the ratios per topology

(4)B̄µ =
∑

n

fCnB(Cn → µ+X),

whereCn can be C1, V2, C3 or V4, andfCn are the av-
erage fractions obtained fromTable 2. Table 4contains
the values of muonic branching ratios as a function
the number of prongs.

The muonic decay branching ratio of the D0 could
be obtained by combining the results for the two-pro
and four-prong samples and taking into account
branching ratio of the D0 into only neutral particles
B(D0 → neutrals), mentioned earlier. This yields

Bµ

(
D0) = [

6.5± 1.2(stat) ± 0.3(syst)
] × 10−2,

where the systematic error is determined by the p
cision of muon identification andB(D0 → neutrals).
This result is in agreement with the value(6.6±0.8)×
10−2 quoted in Ref.[32].

The limit for the V4 decays could be obtained u
ing the Feldman–Cousins approach[33] with a 90%
confidence level. The result is normalized to the to
D0 cross-section:

(5)3.0× 10−4 < Bµ

(
D0 → V4

)
< 3.4× 10−3,

to be compared with the existing 90% C.L. lim
B(D0 → K−π+π−µ+νµ) < 1.2 × 10−3 [34]. It is
also consistent with the value using D0 events in the
emulsion, 2.0 × 10−4 < B(D0 → K−π+π−µ+νµ) <

1.5×10−2 at 90% C.L., which was obtained by coun
ing the number of four-prong charm-decay events w
two opposite-charge muons in the final state[35].

The average muonic branching ratio for the C1 a
C3 samples taken together could be reinterprete
the average branching ratio for charged charm had
D+

s , D+and�+
c (taking into account the small numb

of C5 events).
The inclusive muonic branching ratio for the com

plete sample of charm hadrons is therefore determ
to be

B̄µ = [
7.3± 0.8(stat) ± 0.2(syst)

] × 10−2.

Our earlier result,̄Bµ = [9.3±0.9(stat)±0.9(syst)]×
10−2 [11], was obtained using a value forB(D0 →
neutrals) from the observed decay channels only[32].
If the new determination for this topological branchi
ratio obtained in Ref.[18] is used, the previous resu
is reduced by≈7%. The results are therefore com
patible given the entirely different systematic unc
tainties of the two measurements. The improvemen
the systematic error is significant. Because of the l
ited statistics of the actual sample, the energy dep
dence ofB̄µ could be determined in a small number
bins only. Splitting the total sample into three subsa
ples (Evis � 30 GeV, 30 GeV� Evis � 50 GeV and
50 GeV� Evis) gives results compatible with eac
other within one standard deviation.

Strictly speaking, the muonic branching ratio me
sured in this analysis can not be compared dire
with the results from other experiments because
beam spectra are not the same. As additional dif
ence it should be mentioned that the present de
mination is a direct measurement while in the ot
experimentsB̄µ was extracted as one of the param
ters of a fit to kinematical distributions.
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Fig. 3. Dimuon neutrino cross-section normalized to
charged-current cross-section as a function of visible ene
The solid crosses show CHORUS result and the dashed ones
average over the other dimuon experiments[36].

In a similar manner, one can obtain the dimu
cross-section normalized to the charged-current cr
section. In terms of measurable quantities the ratio

(6)
σµ−µ+

σcc
= N2µ − Nbkgr

Nccεid
µ

εcc
loc

εcharm
loc

1

εcharm
rec

,

whereNcc is the number of charged-current events i
bin, εloc are the location efficiencies from Eq.(1), and
εcharm

rec is the average event reconstruction efficiency
charm decaying muonically fromTable 2(evaluated
to beεcharm

rec = 0.57). The result is shown inFig. 3as a
function of energy. The average value is

σµ−µ+

σcc
= [

3.16± 0.34(stat) ± 0.09(syst)
] × 10−3.

The CCFR experiment has extracted the value
|Vcd| by combining its study of opposite-sign dimuo
events with a determination of̄Bµ based on the E53
data, considering only events with a visible ene
above 30 GeV[2]. This approach has been adopt
by the particle data group as well[32], even though it
is then applied on the average overB̄µ|Vcd|2 measure-
ments from different experiments with LO and NL
analyses. Such a procedure requires an assumptio
the scale uncertainty. To avoid that, we extract
value of|Vcd| for LO and NLO separately. Averagin
the measurements at the leading order by the CD
CHARM II and CCFR experiments[9], one would get

B̄µ|Vcd|2 = (0.474± 0.027) × 10−2.
n

Selecting events from our sample with visible ene
greater than 30 GeV yields a value of

B̄µ = [
8.5± 0.9(stat) ± 0.6(syst)

] × 10−2.

Adding the statistical and systematic errors in quad
ture, and combining with the value above we find th

|Vcd|LO = 0.236± 0.016.

Up to now, there is only one measurement at
next-to-leading order by the CCFR experiment[2]

B̄µ|Vcd|2 = [
0.534± 0.046(stat)+0.025

−0.051(syst)
] × 10−2,

where the last error is from the scale uncertainty. S
stitution of our value forB̄µ and symmetrization of th
errors give

|Vcd|NLO = 0.251± 0.021.

Both values should be compared with 0.221< |Vcd| <
0.227 at 90% C.L. that is obtained when imposi
CKM-matrix unitarity and only three generations[32].
Also they are compatible with our previous measu
ment[11] |Vcd| = 0.219± 0.022.
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