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Abstract

During the years 1994-1997, the emulsion target of the CHORUS detector was exposed to the CERN-SPS Wide Band
Neutrino Beam. The improvements of the past few years in the automatic emulsion scanning systems allowed a sample

of events located in emulsion to be used for studies of charm production. Based on a sample of 5&afged-current
interactions analysed so far, we find a valudgf= 0.0934 0.009(stat) £ 0.009(syst) for the semi-leptonic branching fraction
of charm hadrons. The result for events with visible energy larger than 30 &ze¥ 0.102+ 0.016(stat) 4 0.010(syst), can

be combined with the existing measurements of the dimuon rate to yield a valu18f490.022 for the magnitude of the

Cabibbo—Kobayashi-Maskawa matrix elemgni; |.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Charm production in neutrino charged-current in-
teractions has been studied in several experiments,
in particular, CDHS [1], CCFR [2], CHARM [3],
CHARM-II [4], NOMAD [5] and NuTeV [6] by
means of electronic detectors and through the analysis
of dimuon events. In these events, the leading muon
is interpreted as originating from the neutrino vertex
and the other, of opposite charge, as the product of
the charmed particle semi-leptonic decay. The study
of dimuon events provides information on the strange
quark content of the nucleon, the charm mass, and
the Cabibbo—Kobayashi—-Maskawa (CKM) matrix ele-
ments| V4| and|V,s|. Experiments of this type, how-
ever, suffer from significant background-80%) in
which the second muon originates from an undetected
decay in flight of a pion or a kaon rather than from
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a charm decay. Moreover, the type of charmed par- 350 pm emulsion layer [13]. Each stack is followed
ticle and its decay topology cannot be identified in by three interface emulsion sheets with a 90 pm
these experiments. The overall normalization of the emulsion layer on both sides of an 800 um thick plastic
charm production rate in terms of the dimuon rate is base and by a set of scintillating fibre tracker planes.
given by the average semi-leptonic branching frac- The interface sheets and the fibre trackers provide
tion, defined as the weighted average of the semi- accurate predictions of particle trajectories into the
leptonic branching fraction for individual charmed emulsion stack for the location of the vertex positions.
hadron species with the corresponding fragmentation The accuracy of the fibre tracker prediction is about
fractions as weights. 150 um in position and 2 mrad in the track angle.

Compared to the study of dimuon events, a much  The emulsion scanning has been performed by fully
lower level of background can be achieved using an automatic microscopes equipped with CCD cameras
emulsion target which provides a sub-micron spatial and a read-out system [14]. The track finding effi-
resolution and, hence, the topological identification of ciency is higher than 98% for track slopes less than
charmed hadron decays. This technique has been ap400 mrad with respect to the direction perpendicular
plied in the E531 experiment at FNAL to measure the to the emulsion plates.
fragmentation fractiongp, [7]. These data have been The electronic detectors downstream of the emul-
combined [2,8,9] with the individual semi-leptonic sion target include a hadron spectrometer which mea-
branching fractions to yiel®, = 0.099+ 0.012, the sures the bending of charged particles in an air-core
value used by the Particle Data Group [10] in deter- magnet, a calorimeter where the energy and direc-
mining the magnitude of the CKM matrix element tion of showers are measured and a muon spectrom-
|V.a|. However, the statistics accumulated in the E531 eter which determines the charge and momentum of
experiment was limited to 125 charm events. muons.

Only recently, with the development of automatic
scanning devices of much higher speed within CHO-
RUS, has it become possible to study large samples of3. Data collection
charm events produced in nuclear emulsion [11]. The
present result is based on a sample of 258 charm The West Area Neutrino Facility (WANF) at CERN
events, after correcting for the purity of the selection provides a beam of 27 GeV average energy consisting
procedure. The number of events is sufficient to de- mainly ofv,, with a 5%v,, contamination. For the four
termine the average semi-leptonic branching fraction years in which the emulsion target was exposed, the
directly from the number of charm events with a sec- integrated beam intensity corresponds 1065« 10
ondary muon in the final state, with an error compara- protons on target. The analysis of the data from the

ble to the existing indirect measurements. electronic detectors allows the identification of the
set of events possibly originating from the emulsion
stacks.

2. Theexperimental apparatus The CHORUS experiment was designed primarily

to search fow,, — v, oscillation. For the first phase of

The CHORUS detector [12] is a hybrid set-up the analysis, the events were subdivided in two classes,
that combines a nuclear emulsion target with various the one-muon and zero-muon samples, and the data
electronic detectors. The nuclear emulsion acts both selection and vertex location procedures were opti-
as target for neutrino interactions and as detector, mized for the detection of tau leptons decaying into
allowing three-dimensional reconstruction of short- a muon or into a single charged hadron, respectively.
lived particles such as the tau lepton and charmed The one-muon sample consists largelwgfcharged-
hadrons. The emulsion target has a total mass of current interactions and serves as a suitable starting
770 kg and is segmented into four stacks, each point for the analysis of charm production in neutrino
consisting of eight modules, in turn composed of charged-current interactions. For the vertex location,
36 plates with a size of 3& 72 cn?. Each plate has  the muon track reconstructed by the electronic detec-
a 90 um plastic support coated on both sides with a tors is searched for in the interface sheets, and then



52 CHORUS Collaboration / Physics Letters B 549 (2002) 48-57

followed from one plate to the next using the segments the detailed understanding of the measurement errors
in the most upstream 100 um of each plate. Once it is for individual segments. First, the segments are com-
no longer found in two consecutive plates, the first of bined to form tracks, taking into account the effect of
these is defined as thertex plate. This plate may con-  multiple Coulomb scattering. This yields a set of cor-
tain the primary or the decay vertex, or both. rectly normalized errors on the track parameters, and
The charm decay search is performed using the provides ay? probability criterion to remove outlier
netscan method, originally developed for the DONUT  segments. In turn, the tracks are associated to vertices,
experiment [15]. It consists in recording all track again using g? probability criterion to decide which
segments within a given angular acceptance in a tracks intersect. As the emulsion integrates the tracks
volume surrounding the assumed vertex position. In of all particles that pass at any time in the two year
CHORUS, the angular acceptance is 400 mrad and long exposure, only the electronic detectors can vali-
the size of the volume is.& x 1.5 mn? transversely date that a given track belongs to the event under study.
and 6.3 mm longitudinally. The latter corresponds to The connection between emulsion tracks and tracks in
eight plates: one plate upstream from the vertex plate the electronic detectors is based on their angular differ-
acting as a veto for passing tracks, the vertex plate ence, again employing a2 probability criterion. Fi-
itself, and six plates downstream. The parameters of nally, events in which at least two tracks are matched
all track segments found in this volume are stored in a to electronic detector tracks but not associated to the
database. Typically, five thousand track segments aresame vertex are selected as candidate charm events.
recorded per event. With the scanning systems used,The reconstruction and selection algorithms are de-
the treatment of one event takes about 11 min on scribed in detail in Ref. [17].
a single microscope. The results presented here are In total, 1055 events are selected. To evaluate the
based on a sample of 56 172 events analysed with thispurity of the selection algorithms, a subsample of
method, out of the 143 742 one-muon events that have 244 selected events was visually inspected. The pur-
so far been located. pose of the eye-scan is twofold: to distinguish gen-
uine secondary vertices from artefacts in the recon-
struction and to distinguish secondary decay vertices
4. Reconstruction and selection of decay from hadronic interactions. Out of the 244 events, 11
topologies do not show a secondary vertex, but instead are due to
any of the following: non-Gaussian tails in the track
The offline reconstruction program first aims to se- parameters preventing primary tracks from being as-
lect from the large number of recorded track segments sociated to the primary vertex, inefficiencies in the
only those belonging to the neutrino interaction un- track reconstruction which cause through-going tracks
der study. First, plate-to-plate alignment is performed to appear to stop, electron pairs, and secondary ver-
by comparing the pattern of segments in consecutive tices on tracks not related to the event. An additional
plates. After connection of all matched segments, the 12 events are identified as secondary hadronic inter-
alignment is repeated to reach a residual of less thanactions through the presence of nuclear activity at the
0.5 um for the segment positions with respect to the supposed decay point or through a number of prongs
fitted tracks. The majority of the tracks are due to low- inconsistent with charge conservation. This results in
energy particles, discarded on the basis of goodness-a selection purity of ®1+0.02, which brings the cor-
of-fit for a straight line hypothesis. Another source rected number of selected charm events to
of background are the tracks passing through the vol-
ume. After removing these as well, the mean number Nselected_ 9564 35 (1)
of tracks to be further analysed is about 40. A more
detailed description of the alignment and track finding
algorithms is given in Ref. [16]. 5. Selection efficiency
After this initial selection of potentially interesting
track segments, any further reconstruction can be for- The efficiency of the charm selection was eval-
mulated as a problem of error propagation thanks to uated with a GEANT3 [18] based simulation of
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Fig. 1. Left: distribution of the, 2 fit probability for the primary vertex in events where there is more than one reconstructed track at the primary.
Right: the average impact parameter of secondary tracks to the primary vertex for events where the primary track is not isolated. The samples
are described in the text.

the experiment. Large samples of deep-inelastic neu- peak at low fit probability demonstrates the sound un-
trino interactions were generated according to the derstanding of the measurement errors. The second
beam spectrum using the JETTA [19] generator de- distribution shows the average impact parameter of
rived from LEPTO [20] and JETSET [21]. The sim- secondary tracks to the primary vertex, for the sub-
ulated response of the CHORUS electronic detectors sample of events where there is more than one pri-
is processed through the same reconstruction programmary track reconstructed. Of all geometric quantities,
used for the data. the average impact parameter is the one most closely

To evaluate the netscan efficiency, realistic condi- related to the proper decay length. Again, good agree-
tions of track densities need to be reproduced. This ment is found between data and simulation.
was achieved by merging the emulsion data of the sim-  The only quantity of interest for which a discrep-
ulated events with real netscan data which do not have ancy exists between data and simulation is the recon-
a reconstructed vertex but contain tracks which stop structed multiplicity of charged tracks at the secondary
or pass through the netscan fiducial volume, represent-vertex. In the data, the ratio of two-prong to one-prong
ing the real background. The combined data are passedevents is 116+ 0.08, compared to.¥1+ 0.11 for the
through the same netscan reconstruction and selectionsimulation, in both cases quoting only the statistical
programs as used for real data. error. At present, this discrepancy is not yet under-

Fig. 1 shows a comparison between real data and stood but the data suggest shortcomings in the event
simulated data for two quantities of particular inter- generator rather than problems with the description
est. The data sample are the 1055 selected events, withof the emulsion response. First, the contribution of
a purity of Q91+ 0.02. The simulated sample con- quasi-elastic and diffractive processes to charm pro-
sists of deep-inelastic neutrino interactions in which a duction relative to the deep-inelastic process is poorly
charmed particle is produced. After applying the same known. Second, the charmed particle branching ratios
selection as for the data, the simulated sample is a fac-are affected by considerable uncertainty. Varying the
tor of five larger than the data sample. The background parameters that define the event generator hypotheses
from secondary interactions and reconstruction arte- within the range allowed by their experimental uncer-
facts has not been explicitly simulated, but was ex- tainty leads to significant changes in the ratio of two-
trapolated from the 23 visually identified background prong to one-prong events, covering the ratio found in
events. the data.

The first distribution in Fig. 1 shows the? prob- However, it is worth stressing that the effect of
ability for the vertex fit. Apart from the overall agree- this discrepancy on the present analysis is mitigated
ment between the data and the simulation, the fact thatby the fact that the result on the average semi-
the distribution is flat except for a relatively modest leptonic branching fraction is relatively insensitive to
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variations in the event generator. The determination of ulated events, the error is statistical only. The numbers
the average semi-leptonic branching fraction relies on between parentheses correspond to enhanced contri-
a ratio of efficiencies: the first for the selection of a butions of Dy and A, to approximate the effect of
charmed particle decay, the second for the selectionincluding diffractive and quasi-elastic processes, as-
of a charmed particle decaying semi-leptonically. Any suming for each of the two a cross-section equal
uncertainties on the absolute level of the selection to 7.5% of the deep-inelastic cross-section [22,23].
efficiencies cancel in the ratio. The column labelled E531 is the only direct exper-
Table 1 shows the selection efficiencies for each of imental measurement of these quantities, performed
the four weakly decaying charmed hadrons, without by the E531 emulsion experiment but reanalysed by
or with the requirement for the decay to be semi- Bolton [8]. Because of the different energy depen-
leptonic. Charmed hadron species other tien DO, dence of the deep-inelastic, diffractive, and quasi-
D} and A, decay through the electromagnetic or elastic charm production processes, the fractions vary
strong interaction to one of these four. The correction as a function of energy. In the present analysis, there
factor for the efficiency in the determination of the is no explicit minimum for the visible energy. Never-

semi-leptonic branching fraction is defined as theless, the 4 GeV minimum for the energy measured
in the calorimeter translates into an effective minimum
R= 2 p, €0i /D, ) visible energy of about 10 GeV once the primary muon
Y, €prfoi energy has been included.

, , - . Because of the requirements for the CHORUS
whereep, is the seIeF:t|on efﬁqency for charm SPECIES  hautrino oscillation analysis, the vertex location has in
D, pf! the selection efficiency for semi-leptonic the past been restricted to events where the measured
decays ofD;, and fp, the fragmentation fraction. momentum of the primary muon lies below 30 GeV.

Table 2 shows the different estimates of the frag- However, Monte Carlo studies show that the effect on
mentation fractions used for this analysis. The col- ihe correction factor is only a fraction of a percent,
umn labelled JETTA is based on the sample of sim- 4,e to cancellations in the ratio.

The value ofR has been evaluated under all accept-
Table 1 able hypotheses for both the selection efficiencies and
The charm selection efficiency, determined from the simulation, the fragmentation fractions. The result varies between
for each of the four weakly decaying charmed hadrons which are 0,968 and 1.049. In the absence of any compelling ar-
produced. The third column indicates the selection efficiency for gument in favour of or against any one of the sets of

the case where the charmed hadron decays semi-leptonically. The motions. we will in the followin the aver
errors are statistical only assumptions, we e following use the average

. , — value

Species Selection efficiency

D; — any D; - uX
Dt 0.369+ 0.010 041+0.02 R=1.014+0.05, 3)
DO 0.541+0.006 050+ 0.02

+ , . . .
Dy 0.440+£0018 45+ 0.06 with the systematic error estimated from the variation
Ac 0.335+0.015 029+ 0.07 .
under different hypotheses.

Table 2

The fragmentation fractions for charm quarks produced in charged-current neutrino interactions after any strong or electromagnetic decays.
The different columns are described in the text

Species JETTA E531

Eyis > 5 GeV Eyis > 20 GeV
Dt 0.225+ 0.003 (0.196 0.16+ 0.04 020+ 0.05
DO 0.612+ 0.003 (0.532 0.53+0.05 056+ 0.05
Dy 0.072+ 0.002 (0.128 0.13+0.04 011+ 0.04

Ac 0.092+ 0.002 (0.145 0.17+0.04 0114+0.04
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For the sample of simulated evenfsthe fraction
of DY mesons decaying into neutral particles is 4.2%.
A recent analysis [24] indicates that decay modes
not accounted for in the past may be responsible for
an underestimate of this fraction. As the selection
efficiency for neutral decay modes is zero, an increase
in this fraction leads to a decrease of th8 — any
selection efficiency, in turn affecting the correction
factor R. For the extreme case where 20% bf
mesons decay into neutral particles, the selection
efficiency would be 45% instead of 54%. Assuming a
DO fragmentation fraction of 0.612 (0.53), this would
reducer by a factor of 0.88 (0.89).

6. ldentification of the secondary muon

Muons are identified in the downstream detec-
tors, the calorimeter and the muon spectrometer. Any

charged particle that reaches the muon spectrometerJ

is identified as a muon. The probability for a charged
pion or kaon to traverse 5.2 interaction lengths in the
calorimeter without interacting is smaller than 5%.
However, a sample of muons based exclusively on this
requirement would lead to a loss in angular accep-
tance and to a threshold for the muon momentum be-
tween 1.6 GeYc and 2.5 GeVYc, depending on the
track angle. The effect is marginal for the primary
muon from the neutrino interaction, but becomes par-
ticularly severe for secondary muons from charm de-
cay due to their relatively soft spectrum. An attempt
is made to identify also muons exiting sideways from
the calorimeter or stopping in the calorimeter based
on the presence of a minimum ionizing particle in the
calorimeter. There exist two independent algorithms
for this purpose. The first is based on a neural net-
work analysing the pattern of energy deposits in the
scintillators. The second is a track finding algorithm
using the information of streamer tube planes inserted
between the calorimeter modules. Each of the two al-
gorithms is applied independently for the two pro-
jections, leading to a total of four possible tags for
muons in the calorimeter. The minimum requirement

14 The same sample was used in a previous analysis [11].
However, in that context, the result for tH° production cross
section referred exclusively to decay modes with charged particles.
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Fig. 2. The efficiency of the muon identification as a function of the
true muon momentum, with the histogram indicating the spectrum
of secondary muon momenta for the simulated events after charm
selection.

for muon identification is a positive result from three
out of four.

As shown in Fig. 2, the identification efficiency
is of the order of 95% for muon momenta above
4 GeV, the region where all muons reach the muon
spectrometer. However, identification of muons in the
calorimeter is considerably less efficient, precisely in
the region where secondary muons from charm decay
are expected. When integrated over the spectrum for
simulated charm events, the secondary muon identi-
fication has average efficiency and average purity of
about 55% and 60%, respectively.

The fact that muons identified in the muon spec-
trometer can also be identified in the calorimeter has
been used to validate the results of the simulation. The
systematic error on the efficiency and purity of muon
identification has been determined by varying the re-
guirements. Out of the 95635 selected charm events,
the number of events with a secondary muon is

Nselected g8t 10(stat) + 8(syst), )

corrected for the efficiency and purity of the muon
identification.

7. Resultsand conclusion

The average semi-leptonic branching fraction can
be written in terms of measurable quantities as

Nselected

Bu=Y fp;BR(D; > uX) = x R,

D;

®)

Nselected
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14 the value forB,, measured in one experiment, with
12 I a given neutrino beam and a given acceptance as a
10 function of neutrino energy, cannot be applied directly
_ + I to determingV,4| from the measurement 0}3‘M|Vcd|2
L 8 _F performed by a different experiment, with a different
o 6 neutrino beam and a different energy dependence for
4 the acceptance. The CCFR experiment has extracted a
value for|V,4| by combining its study of opposite-sign
2

dimuon events with a determination &f, based on
the E531 data, considering only events with a visible
energy above 30 GeV [8,9]. This approach has been
adopted by the Particle Data Group (PDG) as well,
Fig. 3. The average semi-leptonic branching fraction as a function even though it is then applied on the average over
of the visible energy. The horizontal bars indicate the width of the B/L|Vcd|2 measurements from different experiments.
energy bin. The vertical bars are drawn at the mean value of the Fq tha sake of comparison, we have extradtgdor
energy in each bin, and their height indicates the statistical error on . ..
By.. the subsam_ple_of events with visible energy larger than
30 GeV. This yields a value of

0 20 40 60 80 100
Evis (GeV)

where NSe€ced s the number of selected events, B, =0.102+ 0.016(stat) 4 0.010(syst). (7)
corrected for the selection purity, ang®°c'dis the

number of selected events with a secondary muon in
the final state, corrected for the selection purity as well

Adding the statistical and systematic errors in quadra-
ture, and combining with the averaglij|Vcd|2 used

as for the muon identification efficiency and purity. PY the PDG,
Combining Egs. (1), (3) and (4), we find that B;L|Vcd|2 — (0494 0.05) x 102, @)
B, = 0.093+ 0.009(stat) + 0.009(syst), (6) we find that
where the systematic error includes the uncertainty on Voa| = 0.2194 0.022 (9)

the Monte Carlo description of the muon identifica-
tion, as well as the uncertainty on the correction factor to be compared with|V,,| = 0.224 + 0.016, the
related to the fragmentation fractions and the selection value currently quoted by the PDG and based on
efficiencies for different species and different topolo- the determination oB,, from E531 data. As already
gies. The second gives a minor contribution, and one noted, the present analysis assumes a value of 4.2%
can likewise expect any other sources of systematic er- for the fraction of D® mesons decaying into neutral
ror which have not been explicitly estimated to be neg- particles. A higher value would increase the result
ligible compared to the present statistical error and the quoted in Eq. (9). If unitarity is assumed, the 90%
present uncertainty on the muon identification. confidence interval fofV,.4| stretches from 0.219 to

Given the currently available statistics, the energy 0.225.
dependence o3, can as yet be determined only A second phase of analysis of the CHORUS data
approximately in the CHORUS experiment. Dividing is well under way with improved reconstruction codes
the events in three samples on the basis of the visible and scanning systems, and a sample of 3000 charm
energy and applying Eq. (5) for each subsample leads events will soon be available.
to the result shown in Fig. 3. The errors shown are only
statistical, but these are dominant anyhow as there are
only a few dozen selected events with a second muon Acknowledgements
in each energy bin.
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