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Abstract

During the years 1994–97, the emulsion target of the CHORUS detector was exposed to the wide-
band neutrino beam of the CERN SPS collecting about 106 neutrino interactions. A measurement
of ν̄µ-induced charm production is performed by using the presence of a 5% ν̄µ component in the
νµ beam. The measurement takes advantage of the capability to observe the decay topology in
the emulsion. The analysis is based on a sample of charged-current interactions with at least one
identified muon. About 100 000 were located in the emulsion target and fully reconstructed. By
requiring a positive muon charge as determined by the CHORUS muon spectrometer, 32-ν̄µ induced
charm events were observed with an estimated background of 3.2 events. At an average antineutrino
energy in the neutrino beam of 18 GeV, the charm production rate induced by antineutrinos is
measured to be σ(ν̄µN → µ+c̄X)/σ(ν̄µN → µ+X) = (5.0+1.4

−0.9(stat) ± 0.7(syst))%. The ratio

between neutral and charged charm production rates in this process is (2.6+1.7
−1.0(stat) ± 0.8(syst)).

The charm production rate as a function of the antineutrino energy is found to be in good agreement
with previous results derived from di-lepton data.

To be published in Physics Letters B
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1 Physics motivation

Charm production in neutrino and antineutrino charged-current (CC) interactions has been
studied by several experiments by looking at the presence of two oppositely charged leptons in the
final state. In particular CDHS [1], CCFR [2], CHARM [3], CHARM-II [4], NOMAD [5] and NuTeV
[6] have collected a large statistics of opposite-sign dimuon events. The leading muon is interpreted as
originating from the neutrino vertex and the other one, of opposite charge, as being the decay product
of the charmed particle. In such experiments, the evaluation of the charm production cross-section re-
quires the knowledge of the average muonic branching ratio of the various charmed hadrons, weighted
by their relative production rates. Furthermore, experiments of this type suffer from significant back-
ground (∼ 20%) due to the undetected decay in flight of a pion or a kaon. The background reduction
involves cuts on the energies of the primary and decay muons and this makes it difficult to study
cross-sections at energies below 20–30 GeV.

A different approach using a hybrid emulsion detector was pioneered by the E531 experiment
at FNAL [7]. In emulsion, charmed particles can be recognized on the basis of their short flight
length and characteristic decay topology. This allowed a study of all decay channels, not only the
muonic one, applying loose kinematic cuts, with no required knowledge of branching ratios and with
very low background. E531 has measured the charm production rate in CC interactions induced by
antineutrinos normalized to the ν̄µCC sample, although they do not report details on the observation of
ν̄µ induced charm events. A summary of the available data on antineutrino-induced charm production
can be found in Ref. [8]. All together, data at low neutrino energies are limited and no measurement
of the production fractions f̄h of the different charm species h exists. With the development of fast
automatic emulsion scanning systems in the CHORUS experiment [9], studies of charm production
with high statistics become possible. In this paper, the first direct measurements of antineutrino-
induced charm production in emulsion are presented. By using the ν̄µ beam contamination and by
exploiting the excellent muon charge reconstruction in the spectrometer, CHORUS measured the
average production cross-section and its energy dependence as well as the production fractions of
neutral and charged charm hadrons.

The comparison of ν̄µ and νµ experiments is particularly interesting for the following reasons:

– antineutrino charm production provides information which makes it possible to separate the
contribution of valence (absent in the ν̄µ case) and sea quarks to the suppression of the charm
production rate at low energies.

– in the ν̄µ case, charmed antibaryon production is expected to be small, contrary to the νµ case,
where charmed baryon production accounts for ∼ 25% of the total charm production rate [10].
Moreover, quasi-elastic charm production (νµn → µ−Λ+

c ), which occurs at a rate of about 15%
of the Λ+

c total production cross-section [10] mainly at low energies, has no equivalent in the ν̄µ

case.

2 The experimental set-up

The CHORUS experiment [9] was designed to investigate neutrino oscillation by searching for
the appearance of ντ ’s in the SPS wide-band neutrino beam at CERN through the direct observation
of the τ decay in nuclear emulsions. Since charmed particles have a flight length comparable to that
of the τ lepton, the experiment is also suitable for the study of charm production. The detector uses
a hybrid approach that combines a nuclear emulsion target with various electronic detectors [9].

The emulsion target, of 770 kg total mass, is subdivided along the beam axis in four stacks of
1.4 × 1.4 m2 transverse area. Each stack is laterally divided into eight modules of area 0.36 × 0.72 m2

comprising 36 plates for a total thickness of ∼3 cm. Each plate has a 90 µm plastic support coated
on both sides by emulsion layers of 350 µm thickness. The emulsion target is equipped with a high-
resolution tracker made out of three interface emulsion sheets and of a set of scintillating fibre tracker
planes. The interface emulsion sheets have a plastic base of 800 µm coated on both sides with emulsion
layers of 100 µm thickness. The interface sheets and the fibre trackers provide accurate predictions of
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particle trajectories into the emulsion stack. These predictions are used for the location of the vertex
position. The accuracy of the fibre tracker predictions is about 150 µm in position and 2 mrad in
angle. The emulsion scanning was performed by fully automatic microscopes equipped with a CCD
camera and a readout system evolved from the so-called Track Selector [11]. A tracking efficiency of
more than 98% up to 400 mrad angular acceptance is obtained with this method.

The electronic detectors downstream of the emulsion target include a hadron spectrometer which
measures the deflection of the charged particles in a hexagonal air-core magnet and a calorimeter where
the energy and direction of showers are measured. A muon spectrometer, consisting of six toroidal
magnetized iron modules, instrumented with scintillating strips, drift chambers and streamer tubes,
determines the charge and momentum of muons and provides a rough measurement of the leakage
of hadronic showers behind the downstream surface of the calorimeter. Several planes of scintillator
hodoscopes are used for triggering the data acquisition system [12].

3 Data collection

The CHORUS detector was exposed to the wide-band neutrino beam of the CERN SPS during
the years 1994–97, with an integrated flux of 5.06 × 1019 protons on target. The beam, of 27 GeV
average energy, consists mainly of νµ’s with a 5% ν̄µ component of 18 GeV average energy. Figure 1
shows the energy spectrum of the antineutrino component of the beam as obtained by simulation.

The emulsion scanning of the event starts from the extrapolation to the most downstream
interface emulsion sheet of the tracks reconstructed in the fibre tracker. All selected tracks (‘scan-back
tracks’) are searched for in the emulsion interface sheets. The track segments found in these sheets
are then used to predict with high precision the position and the angle of the track in the emulsion
stack. If found, this track is then followed upstream from plate to plate. In each plate, only the most
upstream 100 µm layer is scanned searching for a track with the same slope as the one measured in the
emulsion interface sheets. The interaction vertex is assumed to be located if the track is not observed
in two consecutive plates, the first of which is defined as the vertex plate.

Once the vertex plate has been identified, a very fast scanning system, called ‘Ultra Track
Selector’ (UTS) [13], is used to perform a detailed analysis of the emulsion volume around the vertex
position, recording, for each event, all track segments within a given angular acceptance. We refer to
this type of scanning, originally developed for the DONUT experiment [14], as NetScan data taking
[15]. In CHORUS, the scanning volume is 1.5 mm wide in each transverse direction and 6.3 mm
along the beam direction, corresponding to eight plates: it contains the vertex plate itself, the plate
immediately upstream, acting as a veto for tracks passing through, and the six plates downstream
from the vertex plate. The scanning area is centred on the extrapolated transverse position of the scan-
back track. The angular acceptance corresponds to a cone of 400 mrad half-aperture aligned along the
beam direction. At present, about 150 000 events have been located in emulsion and analysed with
this procedure.

4 The antineutrino event sample

The results presented here are based on a sample of 96 472 events with at least one reconstructed
muon in the spectrometer, successfully extrapolated to the emulsion target and for which the NetScan
analysis has been completed. For 2704 of these events, the charge of the muon (or of the highest-energy
muon in case of multimuon events), as determined by the muon spectrometer, is found to be positive.
To obtain the sample of ν̄µ charged-current interactions, one has to subtract from this sample the
contaminations due to:

– νµCC events with the µ− reconstructed as a µ+;

– νµ-induced dimuon events for which the primary muon is not reconstructed while the µ+ from
the charmed hadron decay is seen;

– punchthrough hadrons traversing the 5.2 interaction lengths of the calorimeter and reconstructed
as positive muons in the spectrometer, in CC events with the µ not identified, or in neutral-
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Figure 1: Energy spectrum of the antineutrino component of the beam in the fiducial volume of the
CHORUS experiment

Table 1: Estimated contaminations to the sample of µ+ located events. The systematic errors take
into account the uncertainty on the beam flux measurement [16]

µ+ sample 2704 events

wrong µ− reconstruction 169 ±28(stat) ± 17(syst)

µ+ from charm decay 79 ±16(stat) ± 8(syst)

π,K punchthroughs 284 ±45(stat) ± 28(syst)

current (NC) interactions.

The contribution from π and K decays into a µ reconstructed in the spectrometer is negligible.
A detailed simulation of the experiment was performed (see Section 6) to evaluate these contributions
as well as the overall detection efficiencies. The various contaminations to the sample of µ+ located
events, shown in Table 1, have been subtracted statistically to determine the total number of ν̄µCC
interactions. They represent together (19.7± 2.1)% of the sample of the µ+ located events. The mean
detection efficiency is found to be (43.7 ± 0.6)% for the ν̄µCC events and (40.3 ± 0.4)% for νµCC
events. It includes the efficiencies of the muon reconstruction in the spectrometer (including charge
determination), the tracking downstream to the emulsion stack, and the scanning-back to the vertex
plate. The number of ν̄µCC interactions corrected for the contaminations and for the efficiencies is
evaluated to be 4975 ± 187(stat) ± 53(syst).

By using the evaluated sample of ν̄µ charged-current events, we estimate the ratio of ν̄µCC and
νµCC total interaction rates in the CHORUS emulsion target to be 0.021 ± 0.001. This is in good
agreement with the measurement of 0.022± 0.001 in the CHORUS calorimeter [16], the correction for
the different fiducial volume being small.

3



5 Selection of decay topologies

Track segments collected in the NetScan volume are analysed off-line to reconstruct the complete
event topology: segments from different plates are combined into tracks; low-energy tracks are filtered
out as well as tracks originating from outside the volume (mainly due to passing-through beam muons);
the remaining tracks are assigned to one or several possible vertices and the probability that they
match one of the tracks reconstructed in the electronic detectors is evaluated [17]. Events for which
the emulsion tracks do not converge to a common vertex potentially contain a short-lived particle
decay topology and were selected for further inspection. To select interesting topologies and reduce
the amount of fake secondary vertices, the following criteria are applied:

– only tracks reconstructed in more than one plate and with an acceptable straight-line fit are
considered;

– one or more emulsion tracks must match the tracks identified as muon in the muon spectrometer;
the vertex to which the leading muon track is attached is assumed to be the neutrino interaction
vertex;

– at least one emulsion track must exist for which the impact parameter to the reconstructed pri-
mary vertex is larger than a cut-off value determined on the basis of the measurement resolution
1);

– the impact parameter must also be smaller than 750 µm to reject tracks not related to the
neutrino event;

– as the emulsion has no time information, a secondary vertex is validated only if at least one of
the tracks attached to it has a good angular matching with a track in the electronic detectors.

These selection criteria were applied to the sample of 2704 located µ+ events. A total of 81 events
were selected for which a visual inspection was performed to confirm the decay topology. A secondary
vertex found in the emulsion is tagged as a decay vertex if no other activity (nuclear break-up or Auger
electron) is observed at the decay point and if the number of outgoing tracks is consistent with charge
conservation. Moreover, a decay into a single charged particle is accepted only if the angle between
the parent and the decay product (kink angle) is greater than 50 mrad and the flight length, i.e. the
distance between the primary and decay vertices, is greater than 25 µm. These requirements ensure a
visual inspection efficiency close to 100%. To reduce further the νµ background in the present analysis,
the primary vertex, to which the positive muon is attached, is required to be the most upstream one.
After visual inspection, 40 events with a positive muon reconstructed in the spectrometer and a
topology consistent with a charm decay were identified. The results of the visual inspection are given
in Table 2 where the observable decay topologies are classified as even-prong decays V2 or V4 for
neutral particles (mainly D̄0) and odd-prong decays C1, C3 or C5 for charged particles (mainly D−,
D−

s ), according to the prong multiplicity. The rejected sample consists mainly of neutrino-induced
charm events in which the reconstructed positive muon arises from a downstream charm decay vertex,
hadronic secondary interactions, delta-rays, or gamma conversions and events with a low-momentum
track that, due to multiple scattering, appears to have a large impact parameter with the interaction
vertex. The remaining part consists of fake vertices due to imperfections of the reconstruction program.

6 Reconstruction efficiency and background evaluation

Detection efficiencies and backgrounds were evaluated with a detailed simulation of the detector
response with a GEANT3 [18] based program called EFICASS. Large samples of deep-inelastic neu-
trino interactions (DIS) were generated according to the beam spectrum by the CHORUS JETTA [19]
generator based on LEPTO [20] and JETSET [21]. Quasi-elastic (QE) interactions and resonance
production events were generated with the RESQUE [22] package with a rate of 9.6% relative to

1) The impact parameter is required to be greater than
√

(5.02 + (2dx× σ)2)µm; σ =
√

(0.0032 + (0.0194 × θ)2) is a
parametrization of the angular error and dx is the distance of the vertex from the most upstream daughter track
segment.
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Table 2: Results of the visual inspection (eye-scan) of charm candidates

Secondary vertex topology Number of events

V2 18
V4 7
C1 6
C3 7
C5 2

Table 3: Detection efficiencies for ν̄µ and νµ induced charm events in emulsion with at least one muon
reconstructed in the spectrometer. The meaning of εdet and εsel is explained in the text

εdet (%) εsel (%)
νµ CC charm 32.2 ± 0.2 28.6 ± 0.2
ν̄µ CC charm 28.2 ± 1.0 26.5 ± 1.0

deep-inelastic scattering reactions in the neutrino case and of 26% in the antineutrino case. The sim-
ulated response of the electronic detectors was processed through the same reconstruction program,
CHANT, as used for the experimental data. Similarly, the efficiency of the vertex location procedure
described in Section 3 was obtained by a realistic simulation of the grains produced in emulsion along
the scanned-back track. The procedure simulates the known performance of the Track Selector. The
combined average efficiencies, εdet, to reconstruct the muon in the spectrometer, perform the tracking
downstream to the emulsion stack and find the interaction vertex are shown in Table 3 for νµ and ν̄µ

charm events. These efficiencies are lower than those for CC events reported in Section 4. This can be
understood qualitatively by two effects: the higher average track multiplicity in charm events makes
the track reconstruction in the target tracker more difficult and, specially for ν̄µ events, the momentum
and angular distributions of the primary muons are different in charm and non-charm events.

The efficiency of the NetScan procedure represents the probability to reconstruct the vertex and
the decay topology of the charmed particle in the scanned emulsion volume. To evaluate the efficiency,
the emulsion data of the simulated events were merged with real NetScan data where the volume
did not contain any reconstructed vertex but only tracks which stop or pass through the volume,
thus representing realistic background conditions. The performance of the automatic scanning system
in terms of tracking efficiency and angular resolution was simulated by using data accumulated in
the NetScan procedure. The NetScan efficiencies, containing both the geometrical acceptance and
the reconstruction efficiency, are shown in Table 4 and in Table 5 for νµ and ν̄µ events and for
each decay topology. The contribution from charmed D± and D±

s mesons was evaluated assuming
D+

s /D+ = 0.627 ± 0.073 [23] and the production ratio as obtained in [24, 25]. The errors include
the effect of Monte Carlo statistics used for the efficiency evaluation, instrumental effects, and the
uncertainty on D+

s /D+. For the ν̄µ sample, the contribution of Λ̄c was neglected.
The most important potential source of background on the sample of antineutrino charm can-

Table 4: NetScan efficiency containing geometrical acceptance and reconstruction efficiency for decays
of neutral charmed hadrons into two and four prongs, respectively for ν̄µ and νµ-induced CC events

ν̄µ νµ

D̄0 D0

ε2p (%) 53.7 ± 2.5 56.5 ± 0.5
ε4p (%) 68.4 ± 4.7 74.7 ± 0.9
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Table 5: NetScan efficiency containing geometrical acceptance and reconstruction efficiency for decays
of charged charmed hadrons into one, three and five prongs, respectively for ν̄µ and νµ-induced CC
events

ν̄µ νµ

D−+ D−

s D++ D+
s Λ+

c

ε1p (%) 31.0 ± 5.2 27.1 ± 1.0 19.9 ± 1.6
ε3p (%) 56.3 ± 5.0 60.4 ± 1.3 46.3 ± 2.0
ε5p (%) 60.5 ± 24.4 72.3 ± 3.5 48.7 ± 4.5

didates is due to νµ-induced charm events for which either the primary µ− charge is reconstructed
as positive or the µ+ track from a muonic charm decay is seen in the spectrometer but is wrongly
matched to an emulsion track at the primary vertex. To reduce this background, a set of selection
criteria improving the reliability of the muon reconstruction is applied to the events with an observed
decay topology:

– Low momentum muons stopping inside the spectrometer, for which the reconstruction is based
on few hits in the electronic detectors, are discarded.

– The distance of the impact point on the spectrometer entrance surface from its axis is required
to be smaller than 150 cm, ensuring a long potential path through the toroidal magnets.

– Several muon reconstruction algorithms in the spectrometer are available, using only hits in
the drift chambers or the combined data from all electronic detectors. Consistency checks are
applied when a muon track is reconstructed by more than one algorithm. Otherwise, the track
length is required to be greater than three spectrometer gaps (two magnets).

– When matching a spectrometer track with a track in the fibre trackers, a tighter cut is applied
on the χ2 of the global track fit.

With the above muon reconstruction criteria, the probability for a νµ-induced charm event to
be selected as a ν̄µ-charm candidate is reduced from (0.12 ± 0.02)% to (0.02 ± 0.01)% while the
combined average efficiencies, εsel, defined as εdet but after selection, are only slightly affected. They
are given in the second column of Table 3 for νµ and ν̄µ charm events. The dependence of εdet and
εsel on the (anti)neutrino energy is shown in Figure 2 for charm events induced by ν̄µ and νµ. Taking
into account the efficiency to detect the charm decay in these interactions, the number of background
events from this source is estimated to be 1.23 ± 0.25.

The other significant sources of background are:

– Hadronic white kinks (WK). These are hadronic nuclear interactions with no heavily ionizing
tracks or other evidence for nuclear break-up (blobs or Auger electrons), that mimic a decay
kink topology. An interaction length of 2.5±0.5 m for this process was obtained from Monte
Carlo simulation [26] leading to an expected number of WK events in the final C1 sample of
0.8±0.1.

– Strange particles can fake a charm topology although they have much longer mean decay length.
The background in the V2 sample from K0

s and Λ decays is evaluated to be 0.9±0.1 events. The
expected background in the C1 sample from the decay of charged strange particles is 0.22±0.09
events. No strong energy dependence of these backgrounds is observed.

Other background processes which may fake three or more prong decays were investigated but
were found to be negligible. The total number of background events is thus estimated to be 3.2 ± 0.3.

7 Results

Table 6 shows the decay topologies of the 32 events surviving the cuts on muon reconstruction,
the estimated residual background for each topology, and the number of events after background
subtraction, weighted with the inverse of the NetScan efficiency. Taking into account the measured
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Figure 2: Reconstruction efficiency (including muon reconstruction and charge determination) for ν̄µ

CC charm (full dots) and νµ CC charm (open circles) events as a function of true (anti)neutrino energy
(left panel) and selection criteria efficiency (right panel)

Table 6: Candidate events and estimated backgrounds for each decay topology after applying the cut
on muon reconstruction. The last column gives the final sample of events after background subtraction
and NetScan efficiency correction

Decay topology Events Background Weighted sample

V2 16 1.4 ± 0.2 27.2+8.9
−6.8(stat) ± 1.3(syst)

V4 6 0.13 ± 0.05 8.6+4.8
−3.1(stat) ± 0.6(syst)

C1 4 1.3 ± 0.2 8.6+9.1
−5.1(stat) ± 1.4(syst)

C3 4 0.3 ± 0.1 6.5+5.0
−2.9(stat) ± 0.6(syst)

C5 2 0.02 ± 0.01 3.3+3.8
−2.1(stat) ± 1.3(syst)

branching ratio of D̄0 into all neutrals of about 25% [27] as well as the detection efficiencies described
in Section 6, a value of

σ(ν̄µN → µ+c̄X)/σ(ν̄µN → µ+X) = (5.0+1.4
−0.9(stat) ± 0.7(syst))% (1)

is obtained for the charm production rate in charged-current interactions induced by ν̄µ normalized
to the ν̄µCC sample. This has to be compared with (6.1 ± 0.6)% as evaluated in neutrino interactions
[24, 25]. This result is consistent with a reduced production of charmed baryons in the ν̄µ case. The
statistical error was derived by using the 68.27% (1σ) confidence interval in the unified approach for
the analysis of small signals in presence of background [28]. The systematic error includes the effect of
Monte Carlo statistics used for the efficiency evaluation, instrumental effects, the uncertainty on the
ratio D+

s /D+, the branching ratio of D̄0 into neutrals, and on the rate of the Λ̄c production.
Figure 3 displays the above cross-section ratio as a function of the antineutrino energy (below 100

GeV), together with the corresponding results derived from di-lepton data [8] and with the theoretical
prediction obtained from a leading-order calculation with mc = 1.31 GeV/c2 [30]. The comparison
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Figure 3: Charm production rate in ν̄µ CC interactions as a function of the antineutrino energy:
measured in CHORUS (empty box) and derived from di-lepton data (dashed lines) [8] using the
muonic branching ratio Bµ given by Ref. [29]. The line shows the theoretical prediction obtained from
a leading-order calculation with mc = 1.31 GeV/c2 [30]

shows a good agreement with di-lepton data at high energy, whereas CHORUS measurements give a
lower production rate at low antineutrino energy, as expected from the absence of quasi-elastic charm
production. The theoretical prediction shows a satisfactory agreement with CHORUS antineutrino
data at low energy.

We also measured the ratio of the production fractions of neutral and charged charmed hadrons
to be 2.6+1.7

−1.0(stat) ± 0.8(syst). This result has to be compared with a value of about 1.0 obtained in
the neutrino case [24, 25], supporting the expectation that the charmed baryon production is strongly
suppressed in antineutrino interactions.
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