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Abstract

During the years 1994-1997, the emulsion target of the CHORUS detector was exposed to the Wide Band Neutrino Beam
from the CERN-SPS. Bout 170000 neutrino interactions were successfully located in the emulsion. Improvements in the
automatic emulsion scanning systems and application of different criteria allowed the sample of located events to be used for
studies of charm production. We present a measurement of the production fferoésons based on a sample of 25693
locatedv,, charged-current (CC) interactions analysed so far. After reconstruction of the event topology in the vertex region,
283 DO decays were observed with an estimated backgroundmk@ and A decays. The ratio of cross-section P
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production andv, CC interactions is found to be @9 & 0.13(stat) & 0.17(syst)) x 102 at 27 GeV average,, energy.
0 2002 Elsevier Science B.V. All rights reserved.

1. Introduction target, which is segmented into four stacks, has an
overall mass of 770 kg, each of the stacks consisting
Charm productionin neutrino charged-current(CC) ©of eight modules of 36 plates of size 3672 cn¥.
interactions has been studied in several experiments,Each plate has a 90 pm plastic support coated on both
in particular, CDHS [1], CCFR [2], CHARM [3],  sides with a 350 pm emulsion layer [9]. Each stack
CHARM-II [4], NOMAD [5] and NuTeV [6] by is followed by three interface emulsion sheets with a
means of electronic detectors and through the analysis90 km emulsion layer on both sides of an 800 pm thick
of dimuon events. In those events, the leading muon Plastic base and by a set of scintillating fibre tracker
is interpreted as originating from the neutrino ver- planes. The interface sheets and the fibre trackers
tex and the other, of opposite charge, as the productpProvide accurate predictions of particle trajectories
of the charmed partic|e Sem"eptonic decay_ Experi- into the emulsion stack for the location of the vertex
ments of this type, however, suffer from significant Positions. The accuracy of the fibre tracker prediction
background £ 30%) in which the second muon orig- IS about 150 um in position and 2 mrad in the track
inates from an undetected decay in flight of a pion or angle.
a kaon rather than from a charm decay. Moreover, the ~ The emulsion scanning has been performed by fully
type of charmed particle and its decay topology cannot automatic microscopes equipped with CCD cameras
be identified in these experiments. Nevertheless, theyand a read-out system, call@cack Selector [10]. In
have provided measurements of the strange quark con-order to recognize track segments in an emulsion,
tent of the nucleon as well as an estimate of the charm @ series of tomographic images are taken by focusing
quark mass. at different depths in the emulsion thickness. The
A much lower level of background can be achieved dlgltlzed images are shifted according to the predicted
using an emulsion target which provides a sub-micron track angle and then added. The presence of aligned
spatial resolution, and hence, the topological identifi- grains forming a track is detected as a local peak of
cation of charmed hadron decays. However, the statis- the grey level of the summed image. The track finding
tics accumulated in this way, in particular, in the E531 efficiency of the track selector is higher than 98% for
experiment at FNAL [7], was limited. Only recently, track slopes less than 400 mrad.
with the development of automatic scanning devices ~ The electronic detectors downstream of the emul-
of much higher speed within CHORUS have studies sion target include a hadron spectrometer which mea-

of charm production with high statistics become pos- sures the bending of charged particles in an air-core
sible. magnet, a calorimeter where the energy and direc-

In this Letter the first results o®° production  tion of showers are measured and a muon spectrom-
obtained from a sample of the CHORUS data are eter which determines the charge and momentum of
reported. muons.

2. The experimental apparatus 3. Datacollection

The CHORUS detector [8] is a hybrid setup that The West Area Neutrino Facility (WANF) at CERN
combines a nuclear emulsion target with various provides a beam of 27 GeV average energy consisting
electronic detectors. The nuclear emulsion is used mainly of v, with a 5% v, contamination. During
as target for neutrino interactions, allowing three- the four years of operation the emulsion target was
dimensional reconstruction of short-lived particles like exposed to the beam with an integrated intensity which
the r lepton and any charmed hadron. The emulsion corresponds t0.86 x 10'° protons on target. The data
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from the electronic detectors were analysed and the interaction vertex is assumed to be located if the track

set of events possibly originating from the emulsion
stacks was identified.

Since the CHORUS experiment was designed pri-
marily to search fow,, — v, oscillation, the data se-
lection for the first phase of the analysis was optimized
for the detection of a decaying into a single charged
particle. The selection criteria are described in [11]. It

is not observed in two consecutive plates, the first
of which is defined as the ‘vertex plate’. This plate
may contain the primary or the decay vertex, or both.
The efficiency of this scan-back procedure has only a
weak dependence on the momentum and angle (up to
400 mrad) of the particle.

The data flow of the one-mu sample is summarized

should be noted that among the events containing onein Table 1.

reconstructed muon track of negative charge (‘one-
mu’ sample), only those with a muon momentum less
than 30 GeVc were selected for emulsion scanning.
This cut has a marginal effect on thesignal but plays

a more important role in the present study of charm
production. In order to correct for the effect of this
cut, about 3000, CC events with a muon momentum
greater than 30 GeX were located and analysed.

To perform the search for charm decays, a new
method called ‘netscan’ is applied. This method origi-
nally developed for the DONUT experiment [12] con-
sists in recording all track segments within a large
angular acceptance in a volume surrounding the lo-
cated vertex position. In our application, the scan vol-
ume is 15 mm wide in each transverse direction and
6.3 mm long, corresponding to eight plates, i.e., the

The emulsion scanning of a one-mu event starts at vertex plate, one plate upstream and six downstream

the impact point position of the reconstructed muon (see Fig. 1). The parameters (positions, slopes, pulse
track in the interface sheets. The track segments foundheights, etc.) of all track segments with angles below
in these sheets are then used to predict with high 400 mrad found in this volume are stored in a database.
accuracy the position and angle of the muon track Typically, five thousand track segments are recorded
at the exit of the emulsion stack. The track is then per event. With the scanning systems used, the netscan
followed from one plate to the next using the segments of one event takes about 11 min. The results presented
in the most upstream 100 um part of each plate. The here are based on a sample of 25693 events analysed

with this method.
Table 1

Data flow of the one-mu sample

Number of events

Vertex predicted in emulsion 713000 4. Reconstruction and selection of decay
pu <30 GeV/c and angular selections 477600 topologies

Scanned 355395

Located 143742

Analysed with netscan 224153278

The offline reconstruction program first aims to se-
lect from the large number of recorded track segments

@ Muon momentum larger than 30 Ggx/

N
\15 mm
L
X
- i
v - |
_____ | 1.5mm
¥

6.3 mm (8 plates)

Fig. 1. The netscan volume with a sketch abd decay. The ellipses represent track segments in 100 pm emulsion layers in which automatic
scanning is performed. Offline programs reconstruct the tracks and associate them to common vertices.
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only those belonging to the neutrino interaction under Table 2

study. It consists of the following steps: Results of visual inspection (eye-scan) of candidates
Accepted events Rejected events
— A first plate-to-plate alignment is performed by - 226 Low momentum 174
comparing the pattern of segments in a plate with va4 57 Hadron int. 68
the corresponding pattern in the next upstream C1 121 y-conversion 42
plate C3 124 s-ray 2

— Each segment of a plate is extrapolated to the cs ! Other 30
next plate where a matching segment is looked for Total 535 316
within about 4 um (3 of alignment resolution) in
position and 20 mrad in angle. If none is found, the
extrapoiation is tried one piate further upstream_ matches that reconstructed in the fibre tracker

— After connection of all matched segments, a sec- system.
ond and more accurate alignment of the plates is — The impact parameter to the vertex of at least one
performed using tracks passing through the entire of the daughter tracks is Iarger than a value which
volume, mainiy from muons associated with the is determined on the basis of the reSOlUﬂan.
neutrino beam or charged particle beams in the — The impact parameter must also be smaller than
same experimental area. After this alignment, the 400 pm. This cut mainly rejects spurious tracks
residual of the segment positions with respect to ~ notrelated to the neutrino interaction.
the fitted track is measured to be aboit®Dum.

— At this stage, about 400 tracks remain in the fidu- From the present sample of 25693 analysed events,
cial volume. The majority of them can be recog- these criteria select 851 events which are Visua”y
nized as due to low energy (typically less than inspected (eye-scan) to confirm the decay topology.
100 MeV) particles (mainly Compton electrons A secondary vertex is accepted as a decay if the num-
ands rays) and can be discarded. Moreover, tracks ber of prongs is consistent with charge conservation
are selected on the basis of thé of the fitto a ~ and no other activity (Auger electron bfob) is ob-
straight line. served. The result of the visual inspection is given in

— Thefinal step is the reiection of the tracks passing Table 2. The pU”ty of the automatic selection is found
through the scanning volume. After this filtering, to be 63%.

the mean number of tracks originating in the scan ~ The observable decay topologies are classified as
volume is about 40. odd-prong decays of a charged particle (mainly,

D}, AT) or even-prong decays of a neutral particle
The program then tries to associate these tracks (Mainly D). These are denoted in Table 2 as V2
to common vertices. A detailed description of the Or V4 forneutraland C1, C3 or C5 for charged decays
algorithms to reconstruct the vertices is given in [13]. according to the multiplicity.
In short, a track is attached to a vertex if the distance ~ The rejected sample consists mainly of hadronic in-
of the vertex point to the track line (called hereafter teractions, delta rays or gamma conversionss6%)
impact parameter) is less than 10 pm. At the end of and of low momentum tracks which, due to multiple
the procedure, one defines a primary vertex (and its Scattering, appear as tracks with a large impact para-
associated tracks) and possibly one or more secondaryMeter ¢ 55%). The remaining 10% consists either of
vertices to which ‘daughter’ tracks are attached. false vertices, being reconstructed using one or more
To select interesting decay topologies while pre- background tracks, or of vertices with a parent track
serving a good efficiency fab® detection, the follow- ~ Not connected to the primary vertex.
ing selection is applied:

13 The impact parameter is required to be greater than

— The primary muon track and at least one of the /2 + (20 dx)2 pm; o = \/0.00308 + (0.0194)2 is a parame-
daughter tracks are detected in more than 0ne trzation of the angular error andx is the distance of the vertex

plate and the direction measured in emulsion to the most upstream daughter track segment.
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The confirmedD® sample (V2 and V4) contains  Table 3
283 candidates. For 34 of these events (25 V2 and Efficiencies of the netscan analysis toP decays into V2 and V4
9 V4) the muon momentum is greater than 30 GeV topologies. The errors quoted are statistical only

V2(%) V4 (%)
£geo 96,6+ 0.2 963405
5. Reconstruction efficiency and background &net 885+04 952+06
evaluation esel 686+ 0.6 764+ 1.1
Combined 58 +0.7 701+13
Efficiencies and backgrounds were evaluated with
a GEANT3 [14] based simulation of the experiment. quirement that at least one of the decay daugh-
Large samples of neutrino interactions were generated ~ ters matches the angles of a track reconstructed
according to the beam spectrum using the JETTA in the fibre tracker. This matching efficiency can

[15] generator derived from LEPTO [16] and JETSET ~ be directly measured from the ratio of observed
[17]. Quasi-elastic reactions were generated with the V2 events with one matched prong to those with
RESQUE [18] package with a rate o586 relative to two matched prongs and is found to be0.5 +
deep inelastic scattering reactions. 2.6)%, in good agreement with the simulation re-
The simulated response of the CHORUS electronic ~ Sult(70.7 £ 2.0)%.
detectors is processed through the same reconstruction _ o o
program used for the data. The tracks in emulsion The systematic uncertainties of the netscan efficien-
and the performance of the track selector are also Cies arise mainly from the choice of the event gener-
simulated in order to evaluate the efficiency of the ator and from variations in the emulsion data quality.
scanning procedure. By comparing the results obtained with samples gen-

The ratio of reconstruction and location efficiency €rated with different structure functions (EHLQ [19],
of events with aDP in the final state to that of ~GRV [20]) and different charm fragmentation func-

all v, CC events is found to be.® + 0.01. An  tions (Peterson model [21], Bowler model [22]), we
additional 4% uncertainty on this ratio is estimated by €stimate the first source of systematic error to 1584
varying the conditions of the simulation. The second contribution is estimated to be 2% by

In order to evaluate the netscan efficiency, realistic Merging the generated events with different sets of
conditions of track densities need to be reproduced. SPUrious netscan data corresponding to different track
This was achieved by merging the emulsion data of the densities and different alignment accuracies. The av-
simulated events with real netscan data which do not €rage efficiency of thed® decay search is found to
have a reconstructed vertex but contain tracks which b€ (58.6 £ 5.1)% for V2 and(70.1 + 5.2)% for V4,
stop or pass through the netscan fiducial volume, where the errors combine statistical and systematic un-
representing the real background. The combined datacertainties in quadrature. The combined detection ef-
are passed through the same netscan reconstructiorficiency (including the factor @7 quoted above) is
and selection programs used for real data. shown in Fig. 2 as a function of neutrino energy. By

The mean efficiencies of the different steps of the Processing with the same chain of program<CC in-

netscan analysis are presented in Table 3, separatelyeractions with nd’ in the final state, the background
for V2 and V4 D° decay topologies. rate is evaluated to b@.6 + 1.0) x 10~* per located

In Table 3: CC event. In the present sample of 25693 events this
corresponds to .2 &+ 2.6 background events, mainly
— egeois the geometrical acceptance of the netscan K¢ and A° decays. No strong energy dependence of
volume. this background is observed.
— enet reflects the performance of the filtering and
vertexing algorithms discussed in Section 4.
— esel Measures the efficiency of the specific se-
lection criteria applied in this analysis. Among To estimate theD® production rate iny, CC
these criteria the most sensitive one is the re- interactions, an additional weight factor needs to be

6. Resultsand conclusion
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Fig. 2. Detection efficiency as a function @&, for V2 (left) and V4 (right) topologies. The error bars are statistical uncertainties in the
simulation.

0.06

applied to the 340 events (25 V2 and 9 V4) observed
in the sample withP,, > 30 GeV/c, since only a subset
of this category of events has been analysed with the <& 0.05
. a
netscan procedure so far. This factor was found to be &
equal to 26 and was evaluated from the measured o4
ratio of 0.381+ 0.001 between CC events with, >
30 GeV/c and P, < 30 GeV/c and the size of the
samples (see Table 1) included in the current analysis.
Taking into account the estimated efficiencies and
background described in Section 5, one obtains an  0.02
average ratio of

/6(CC)

0.03

G(DO) , 0.01 -
= (1.994+ 0.13(stat) + 0.17(syst 107°. Cs
+(CO) ( (stat) (syst)) x 3
. . . . 0 _| 11 I 111 I 111 I 111 I 111 I 111 I 111
This result is in good agreement with that of E531 [7] 0 20 40 60 S0 100 120 140

(dashed crosses in Fig. 3) based on a statistically less
significant sample. The topological ratio YM2 is
found to be(23.1+ 4.0) x 10-2 in agreement with Fig. 3. DO production rate as a function of neutrino energy. The
the world average vaIu@O.l“_L%S) x 1072 [23]. results of this analysis are shown as solid lines and compared
In past years, analyses of events with opposite-sign with those of the E531 experiment (dashed lines). The data points
dimuons in the final state in electronic detectors have ©f E531 have been scaled with their measurement obfheate [7]

. . . . compared to the total charm production rate. The curve shows a fit
prOVIded a Iarge amount of information. m partICUIar’ based on the slow rescaling model [24] to NOMAD charm data [5]
the charm (neutral and charged) production rate as amutiplied by the (°/charm) cross-section ratio measured in the
function of energy has been determined and a value present experiment.
for m., the effective mass of the charm quark, has been
estimated within the formalism of slow rescaling [24].

Among the other experiments, NOMAD, which extending to low energies. Using the NOMAD [5]
was exposed to the same neutrino beam as CHO-results on the total charm production and on the
RUS, has given a measurement of charm production muonic branching ratio of charmed particle®, =

E,(GeV)
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0.0955:357 10012 the value of (63+ 0.11 has been

obtained for the ratia (D°) /o (charm) in the energy
range of the experimentk,,) = 27 GeV).

The slow rescaling model with. = 1.3 GeV/c?

ety for the Promotion of Science (Japan), the Korea
Research Foundation Grant (KRF-99-005-D00004)
(Republic of Korea), the Foundation for Fundamen-
tal Research on Matter FOM and the National Scien-
which fits the NOMAD data is superimposed to the tific Research Organization NWO (The Netherlands)
data points of Fig. 3 and it agrees well with the and the Scientific and Technical Research Council of
energy behaviour of the cross-section ratio measured Turkey (Turkey).
in emulsion experiments.

A second phase of analysis of the CHORUS data
has started, with improved reconstruction codes and References
scanning systems. In about one year, a sample of
3000 charm events will be collected. A detailed and
essentially background-free study of all the charm
production processes will then become possible.

[1] H. Abramowicz et al., CDHS Collaboration, Z. Phys. C 15
(1982) 19.

[2] S.A. Rabinowitz et al., CCFR Collaboration, Phys. Rev. Lett.
70 (1993) 134.

[3] M. Jonker et al., CHARM Collaboration, Phys. Lett. B 107

(1981) 241.
[4] P. Vilain et al., CHARM II Collaboration, Eur. Phys. J. C 11
Acknowledgements (1999) 19.
[5] P. Astier et al., NOMAD Collaboration, Phys. Lett. B 486
(2000) 35.

We gratefully acknowledge the help and support of
our numerous technical collaborators who contributed
to the detector construction and operation. We thank
the neutrino beam staff for their competent assistance, [8] E. Eskut et al., CHORUS Collaboration, Nucl. Instrum. Meth-
ensuring the excellent performance of the facility. The ods A 401 (1997) 7.
accumulation of a large data sample in this experiment [9] S- Aoki etal., Nucl. Instrum. Methods A 447 (2000) 361.
was also made possible thanks to the efforts of the [10] T. Nakano, Ph.D. Thesis, Nagoya University, Japan, 1997.

. [11] E. Eskut et al., CHORUS Collaboration, Phys. Lett. B 503
crew operating the CERN PS and SPS. The general

[6] M. Goncharov et al., NuTeV Collaboration, hep-ex/0102049.
[7] N. Ushida et al., E531 Collaboration, Phys. Lett. B 206 (1988)
375.

(2001) 1.
technical support from EP (ECP) and IT Divisions is
gratefully acknowledged.

[12] K. Kodama et al., DONUT Collaboration, Phys. Lett. B 504
(2001) 218.

The experiment has been made possible by grants!13] M. Gler, Ph.D. Thesis, M.E.T.U., Turkey, 2000.

from our funding agencies: the Institut Interuniver-
sitaire des Sciences Nudires and the Interuniver-

[14] GEANT 3.21, CERN program library long write up W5013.
[15] P. Zucchelli, Ph.D. Thesis, Universita di Ferrara, Italy, 1995.

[16] G. Ingelman, Preprint TSL/ISV 92-0065, Uppsala University,
Sweden, 1992.

[17] T. Sjostrand, Comput. Phys. Commun. 82 (1994) 74.

[18] S. Ricciardi, Ph.D. Thesis, Universita Ferrara, Italy, 1996.

[19] E. Eichten, I. Hinchliffe, K. Lane, C. Quigg, Rev. Mod.
Phys. 56 (1984) 579.

sitair Instituut voor Kernwetenschappen (Belgium),
The Israel Science foundation (Grant 328) and
the Technion Vice President Fund for the Promo-
tion of Research (Israel), CERN (Geneva, Switzer-
Iand), the German BundesministeriurﬁrfBiIdung [20] M. Gliick, E. Reya, A. Vogt, Z. Phys. C 67 (1995) 433.
und Forschung (Grant 057MS12P(0)) (Germany), the [21] C. Peterson et al., Phys. Rev. D 27 (1983) 105.
Institute of Theoretical and Experimental Physics [22] M.G. Bowler, Z. Phys. C 11 (1981) 169.

(Moscow, Russia), the Instituto Nazionale di Fisica [;31] Ea'{/tlicg Datt":‘ %LOUP'RE“’-LP?’Z;-137(502‘1%3.
Nucle:*are (Italy), the Promotion and Mutual Aid Cor- ' [24] H. éeO?;?eH_'D_ F‘,’;'itzsxpﬁyé_ Re(v_ D 1)4 (197’6) 1829,
poration for Private Schools of Japan and Japan Soci-



	Measurement of D0 production in neutrino  charged-current interactions
	Introduction
	The experimental apparatus
	Data collection
	Reconstruction and selection of decay topologies
	Reconstruction efficiency and background evaluation
	Results and conclusion
	Acknowledgements
	References


