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Abstract. The nuclear emulsion target of the CHORUS detector was exposed
to the wide-band neutrino beam of the CERN SPS of 27 GeV average neutrino
energy from 1994 to 1997. In total, about 100 000 charged-current (CC) neutrino
interactions with at least one identified muon were located in the emulsion
target and fully reconstructed, using newly developed automated scanning
systems. Charmed particles were searched for by a program recognizing particle
decays. The observation of the decay in nuclear emulsion makes it possible to
select a sample with very low background and minimal kinematical bias. In
all, 2013 CC interactions with a charmed hadron candidate in the final state
were selected and confirmed through visual inspection. The charm production
rate induced by neutrinos relative to the CC cross-section is measured to
be σ (νµ N → µ− C X )/σ (CC) = (5.75 ± 0.32(stat) ± 0.30(syst))%. The charm
production cross-section as a function of neutrino energy is also obtained. The
results are in good agreement with previous measurements. The charm-quark
hadronization produces the following charmed hadrons with relative fractions (in
%): f D0 = 43.7 ± 4.5, f 3+c = 19.2 ± 4.2, f D+ = 25.3 ± 4.2 and f Ds + = 11.8 ± 4.7.
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1. Physics motivation

About 40 years after the discovery of the charm quark at SLAC [1] and BNL [2], and the first
observation of charm decay in nuclear emulsion [3], the study of charmed particles is still a
challenging field in particle physics. In particular, neutrino-induced charm production offers the
possibility of studying the strange-quark content of the nucleon, measuring ‘directly’ the CKM
matrix element Vcd and testing models for charm production and subsequent hadronization.
Moreover, neutrinos produce charmed hadrons via specific processes such as quasi-elastic and
diffractive scattering, which provide a unique tool for studies of exclusive charm production.
In addition to its intrinsic interest, an improved knowledge of charm production helps to
better understand the charm background in neutrino oscillation experiments where the signal is
given by the production of a τ lepton or of muons of apparently ‘wrong’ charge with respect to
that expected from neutrino beam helicity, as in ongoing experiments [4] and at future neutrino
facilities [5].
Charm production in neutrino and anti-neutrino 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 [6], CCFR [7], CHARM [8], CHARM-II [9],
NuTeV [10] and CHORUS (using only its electronic detectors) [11] have collected 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. Although massive electronic detectors allow obtaining large statistics, they
have some drawbacks. Of the charmed parent, only the decay muon is seen, resulting in an
event sample composed of a mixture of all charmed-particle species weighted by their muonic
branching ratios. Furthermore, experiments of this type suffer from significant background
(∼20%) due to the undetected decay-in-flight of a pion or a kaon. The identification of the
primary muon and the decay muon is not unambiguous. Moreover, the kinematic cuts on the
energies of the primary and decay muons, required for background reduction, make it difficult
to study cross-sections at energies below 20–30 GeV.
Unlike dimuon experiments, BEBC [12] and NOMAD [13] were able to recognize specific
charm decay modes by reconstructing an invariant mass from the decay daughters. Only a few
specific decay modes were selected and thus also a specific parent particle type. CHORUS [14]
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took advantage of the spatial resolution of nuclear emulsion to distinguish the charm decay
vertex from the primary neutrino interaction vertex. In combination with a measurement of the
transverse momentum of one of the decay products, it could select a specific decay mode of D∗+
with very low background.
The use of a hybrid nuclear emulsion detector was pioneered by the E531 [15] experiment
at FNAL. In nuclear emulsion, the different charmed particles are recognized on the basis of
their decay topology and short flight length, so that the required kinematic cuts can be quite
loose. All decay channels are therefore observed, not only the muonic ones, without requiring
knowledge of muonic branching ratios and with very low background. The disadvantage of
the low statistics generally obtained in emulsion experiments (122 charm events observed in
E531) has been overcome in the CHORUS experiment [16] by using a massive (770 kg) nuclear
emulsion target and automated emulsion scanning [17, 18]. A high-statistics sample of charm
decays in emulsion, more than one order of magnitude larger than in E531, has thus been
collected as reported in this paper.
The CHORUS experiment took data from 1994 to 1997 in the CERN Wide Band Neutrino
Beam [19], which essentially consisted of muon neutrinos. The analysis presented here is based
on the complete CHORUS sample of 2013 charm events, confirmed by visual inspection. The
visual inspection recognized 1048 events as due to the production of the neutral charmed hadron
D0 and 965 events as due to the production of a charged charmed hadron 3+c , D+ or D+s .
The analysis of the D0 events has been reported in a previous publication [20]. The charged
sample is analysed in this paper. The relative contribution of the different charmed hadrons to
the total charged sample is obtained from a likelihood approach by using the decay lifetime
information.
The neutral and charged charm production candidates are combined for the measurement
of the total charm production rate relative to CC neutrino events averaged on the neutrino energy
spectrum as well as of its dependence on neutrino energy.
2. Experimental set-up

The CHORUS experiment was designed to investigate neutrino oscillation by searching for
ντ appearance in the SPS wide-band neutrino beam at CERN through direct observation of 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,
described in more detail in [16], uses a hybrid approach that combines a nuclear emulsion target
with electronic detectors.
The emulsion target, of 770 kg total mass, is segmented along the beam direction in four
stacks of 1.4 × 1.4 m2 transverse area and about 3 cm thickness. It is equipped with highresolution trackers made out of three interface emulsion sheets and a set of scintillating fibre
tracker planes that provide predictions of particle trajectories into the emulsion stack with an
accuracy of about 150 µm in position and 2 mrad in angle.
The emulsion scanning is performed by computer-controlled, fully automated microscope
stages equipped with a CCD camera and a read-out system called ‘track selector’ [17, 18]. The
track-finding efficiency is higher than 98% for track slopes up to 400 mrad.
Electronic detectors downstream of the emulsion target include a hadron spectrometer,
a calorimeter and a muon spectrometer. The hadron spectrometer measures the bending of
charged particles inside an air-core magnet. The calorimeter is used to determine the energy
New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)
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and direction of showers. The muon spectrometer provides the charge and momentum of
muons and provides a rough measurement of the leakage of hadronic showers out of the
calorimeter. Several planes of scintillator hodoscopes are used for triggering the data acquisition
system [21].
3. Data collection

The CHORUS detector was exposed to the wide-band neutrino beam of the CERN SPS during
the years 1994–1997, 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% ν µ component of 18 GeV average
energy.
The series of steps in the location process of a CC event starts with track reconstruction
in the electronic detectors, including muon identification, and terminates with association to
the primary and possibly secondary vertices of the tracks recorded in a volume of emulsion.
The event location process is summarized in [20] and detailed in [22] and [23]. The so-called
‘NetScan’ method used to analyse the emulsion volume around the interaction point is described
in [22] and [24].
About 150 000 events have been located in the emulsion target and have been analysed
following this procedure.
An event is recognized as a CC neutrino interaction if the primary muon track, defined
by the electronic detectors, is found in more than one emulsion plate. Decay topologies are
selected using the following criteria. At least one of the tracks connected to a secondary vertex
is detected in more than one plate, and the direction measured in the emulsion matches that
of a track reconstructed in the fibre tracker system. The parent angle is within 400 mrad from
the beam direction. In the case of neutral particle decay, the parent angle is deduced from the
line connecting the primary and secondary vertex. The impact parameter to the primary vertex
of at least one of the daughter tracks is larger than a value that is determined on the basis
of the resolution1 . To remove random association, the impact parameter is also required to be
smaller than a value depending on the distance over which the track is extrapolated to the vertex,
typically of the order of 130 µm. The flight length of the parent candidate is required to be larger
than 25 µm.
Out of a sample of 143 742 located neutrino-induced CC interaction vertices, 93 807 were
fully scanned and analysed. The selection criteria retain 2752 events as having a decay topology.
These have all been visually inspected. The presence of a decay was confirmed for 2013 events.
A secondary vertex is accepted as a decay if the number of charged particles is consistent with
charge conservation and no other activity (Auger electron or visible recoil) is observed. The
purity of the automatic selection is 73.2%.
The result of the visual inspection is given in table 1, where according to prong multiplicity
the observable decay topologies are classified as even-prong decays V2, V4 or V6 for neutral
particles (mainly D0 ) and odd-prong decays C1, C3 or C5 for charged particles (mainly
3+c , D+ , D+s ). The rejected sample consists of secondary hadronic interactions, δ-rays or
gamma conversions, overlaid neutrino interactions and low-momentum tracks, which because
of multiple scattering appear as tracks with a large impact parameter. The remainder consists
The resolutionpto extrapolate to the vertex depends on the track angle θ with respect to the beam according to
the relation σ = 0.0032 + (0.0194 · tan θ)2 mm.

1
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Table 1. Charged-current data sample and charm candidates.
Located CC events
Selected for visual inspection
Decay topologies with flight length < 25 µm
Topologies with kink angle < 50 mrad
Secondary interactions
Electron–positron pairs
Overlaid neutrino interactions
Uncorrelated (overlaid) secondary vertices
Passing-through tracks
All tracks from primary vertex
δ-rays
Other
Charged charm candidates
C1
C3
C5
Neutral charm candidates
V2
V4
V6
Total charm candidates

93 807
2752
3
11
278
95
44
21
128
142
2
15
965
452
491
22
1048
819
226
3
2013

either of fake vertices, being reconstructed using one or more background tracks, or of vertices
with a parent track not connected to the primary (passing-through tracks not identified as such
because of inefficiencies).
As shown in table 1, we find 965 charged charm candidates (452 with C1 topology, 491
with C3 and 22 with C5) and 1048 neutral charm candidates (819 with V2 topology, 226 with
V4 and 3 with V6).
4. Reconstruction efficiency and background evaluation

The efficiency of event reconstruction in the electronic detector as well as those of event location
and reconstruction in the emulsion need to be evaluated.
When the neutrino scatters off a nucleon, several physical mechanisms produce charmed
hadrons. However, they are predominantly produced in deep-inelastic interactions. Different
Monte Carlo generators are used [25]. The neutrino beam spectrum is simulated using the
GBEAM [26] generator based on GEANT32 . It uses FLUKA98 [27] to describe the interactions
of protons with the beryllium target.
Deep-inelastic scattering interactions are simulated using the JETTA generator [28], which
is based on LEPTO 6.1 [29] and JETSET [30]. This generator is used to simulate charm
production as well as inclusive CC interactions. Quasi-elastic interactions and resonance
production processes are simulated with the RESQUE generator [31]. In addition, some other
2

GEANT 3.21, CERN Program Library Long Writeup W5013.
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Table 2. Overall selection efficiency relative to CC containing geometrical

acceptance and reconstruction efficiency for charged charmed hadrons decaying
into one, three and five prongs, respectively.
C + → 1p (%)
C + → 3p (%)
C + → 5p (%)
3p /1p

3+c

D+

D+s

17.1 ± 1.3
40.8 ± 1.6
44.2 ± 5.2
2.3 ± 0.2

21.7 ± 0.9
49.0 ± 1.2
52.7 ± 6.5
2.3 ± 0.1

23.9 ± 1.2
57.7 ± 1.4
57.3 ± 3.4
2.4 ± 0.1

charm-production mechanisms are simulated: quasi-elastic charmed baryon production by
QEGEN [32] and diffractive production of charmed mesons by the ASTRA generator [33].
The simulation of detector response as well as the performance of pattern recognition in
electronic tracking detectors is performed for each process by a GEANT3 based simulation
program (see [36]). The simulated response of electronic detectors is processed through the
same analysis chain as the raw data obtained with the detector. The event location technique
in emulsion is parameterized by a function of the primary muon momentum and angle, taking
into account that the muon momentum distribution is different for the two samples of CC events
containing charm or not.
To evaluate the efficiency to reconstruct decay topologies of the charmed hadrons, realistic
conditions of track densities in the emulsion have to be reproduced. These are obtained by
merging the emulsion data of simulated events with real NetScan data, which do not have a
reconstructed vertex but contain tracks that stop or pass through the NetScan fiducial volume.
These so-called ‘empty volumes’ represent a realistic background. The combined data are
passed through the same NetScan reconstruction and selection programs as used for real data.
Details of the response of the automatic microscopes are used in this calculation. Important
parameters are angular resolution and efficiency as a function of incident angle of the track.
To evaluate the detection efficiency for charmed hadrons, the branching ratios and
the corresponding uncertainties are taken into account. The contribution from QE and DIS
interactions to the production of charmed baryons is evaluated as discussed in [34]. The
contribution of diffractive charm production is evaluated by using the method described in [35].
The D0 detection efficiency is given in [20]. Only ratios of electronic reconstruction and vertex
location efficiencies need to be determined, thus reducing significantly the systematic error. The
overall selection efficiencies relative to the selection of CC events for different decay topologies
are shown in table 2. The requirement that at least one track of the secondary vertex be matched
with a track in the electronic detectors causes the efficiency to be higher with increasing numbers
of prongs at the decay vertex.
Figure 1 shows the detection efficiency of charged charmed hadrons D+ , D+s and 3+c relative
to CC interactions as a function of neutrino energy. Two factors make the selection less efficient
at small visible energies: the decay angle of the charm daughters is larger; the flight length of
the charm parent is shorter and thus a secondary track might be wrongly attached to the primary
vertex. At high energies, a large fraction of charmed hadron decays near the edge or beyond the
fiducial volume.
The spread in the performance of the microscopes is found to induce a difference of
±2% in the calculation of the selection efficiencies for charm detection. The weighted average
New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)
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Figure 1. Detection efficiency of charged charm hadrons relative to CC

interactions as a function of neutrino energy for one-prong decay (left panel) and
three-prong decays (right panel). The data points indicated with circles show the
efficiency for D+ detection, the points marked with triangles are for D+s detection
and squares for 3+c .
performance of the individual microscope stages is taken for the calculation in order to minimize
the uncertainty. The uncertainty on the efficiency combination of several charm production
mechanisms introduces an additional error on the efficiency of ±12% for 3+c and ±3% for
D+s . Including also other factors, such as the uncertainty in the fragmentation, we estimate a
total systematic uncertainty in the efficiency of 14% for 3+c , 5% for D+ and 6% for D+s relative
to CC event detection.
There is a small fraction of non-charm events in the manually confirmed sample. This
contamination is mainly due to hadronic interactions with no heavily ionizing tracks or other
evidence for nuclear break-up (blobs or Auger electrons) that fake charm decays (white kinks)
and decays of 6 ± , K0s and 30 . The backgrounds from the decays of strange particles were
estimated using the JETTA [28] MC generator.
In the D0 sample, the strange-particle decay background was evaluated as 11.5 ± 1.9 30 ’s
and 25.1 ± 2.9 K0s ’s in the V2 sample and negligible for the other D0 decay topologies [20]. For
charged charmed hadrons, the expected background in the C1 sample from the decay of charged
strange particles is 8.5 ± 1.3 events.
The background due to white kink interactions is obtained by generating such kinds
of interactions, assuming a hadron interaction length of λ = 24 m [36], and processing them
through the full simulation chain. The contamination of white kink interactions is evaluated as
34.6 ± 2.0 in the C1 sample and 3.8 ± 0.4 and 1.5 ± 0.2 in the C3 and C5 samples, respectively.

5. Charmed particle production fractions

Since it is not possible to identify the type of charged charmed particles on an event-by-event
basis, they are separated using a statistical approach by exploiting the different lifetimes of
3+c , D+ and D+s , and hence by measuring the flight length and the momentum of the charmed
New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)
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Figure 2. Flight length distributions for the one-prong (left) and three-prong

(right) charged charm events. The distributions are truncated due to the limited
NetScan volume.

hadrons. The flight length is very precisely measured in the emulsion target. The flight length
distributions for the one-prong and three-prong events are shown in figure 2. The momentum
is not directly measured, but it can be estimated by exploiting the correlation between the
momentum and the decay angle of the products [37]. For a given decay mode, this correlation is
determined by the decay kinematics. Figure 3 shows the correlation between charm momentum
and the daughter’s inverse opening angle. The charm parent momentum is obtained from the
opening angle of the decay products using a parameterization evaluated with simulated events.
The resolution obtained with this method is about 25% for three-prong events and 35% for
one-prong events.
To achieve statistical separation of the different charged charm species, a likelihood
function is constructed for each event using the decay lifetime information. Following [38],
the form of the probability function for each event (n) is expressed as the sum of probabilities
for the three final state particle hypotheses i (i = 3+c , D+ , D+s ). Using the numbers of hadrons of
each species, Ni , as the free parameters of the fit, the probability takes the form

 Mi l(n)
P
−
Mi u
N
w
(n)
[l(n)]
e cτi pi (n)
i
i
i
i
cτi pi (n)
P
P(n) =
,
i Ni
where l(n) is the measured decay length and pi (n) is the estimated momentum for hypothesis
i. The efficiencies i (l) are a function of the decay length for each different hadron species i.
The mean lifetimes τi and the masses of the charmed hadrons Mi are taken from [39]. The
weights
Z
−1
Mi
Mi u −l
cτi Pi
e i (l) dl
wi =
cτi Pi
account for the lifetime spectrum deformation due to selection efficiencies. We have introduced
u, an arbitrary unit length.
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From the probability functions for each event, an extended log-likelihood function is
constructed:
X
log Pn − Nobs log(N3+c + ND+ + ND+s ) + (N3+c + ND+ + ND+s ).
L =−
n

The second and third terms above are the log of the Poisson probability function to observe
Nobs events given the produced events. The Poisson term incorporates the finite statistics of
the experiment. The negative log-likelihood function is then minimized. To be independent
of charm topological branching ratios, the one-prong and three-prong samples are fitted
separately.
For the one-prong sample, out of 93 807 CC events, the result of the fit is
1p

N3+c = 514 ± 178 ± 72,

1p

ND+ = 980 ± 192 ± 50,

1p

ND+s = 449 ± 235 ± 27,

and for the three-prong sample
3p

N3+c = 507 ± 88 ± 61,

3p

ND+ = 368 ± 88 ± 15,

3p

ND+s = 173 ± 102 ± 10,

where the first error is the statistical error given by the fit and the second is due to the systematic
effect on the efficiencies discussed in the previous section. Given the small statistics, the fiveprong sample is included as a correction. This approximation has a negligible effect on the final
result owing to the small value of this branching ratio. The relative contributions of charged
charm species are
f 3+c = (34.1 ± 7.8)%,

f D+ = (44.9 ± 8.4)%,

f D+s = (21.0 ± 8.6)%.

The correlation coefficients are relatively large and similar for the one-prong and three-prong
fits. We find ρ(3+c , D+ ) ≈ 0.3, ρ(3+c , D+s ) ≈ −0.65 and ρ(D+ , D+s ) ≈ −0.75.
New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)
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6. Topological branching ratios

From the results given in the previous section, it is possible to estimate the inclusive topological
decay modes for the different charged charm species. In spite of the relatively large errors,
this information is useful given the fact that, for each charged charm species, the existing
measurements cover only half of all decay modes. We find
BR(3+c → 3 prongs) = (0.49 ± 0.15),
BR(D+ → 3 prongs) = (0.27 ± 0.08),

(1)

BR(D+s → 3 prongs) = (0.27 ± 0.19).
The value of the 3+c three-prong branching fraction is 1.5 standard deviations from the one
quoted in a previous CHORUS publication [40]. In the present analysis no assumption is made
on the other charmed hadron topological branching ratios, whereas in [40] a specific assumption
was made. It should also be noted that the decay-recognition efficiencies are significantly
different in the analysis of [40] compared to the present analysis. Owing to advances in the
automatic pattern recognition, it is possible to define larger tolerances on the distance of closest
approach of the decay daughter with respect to the primary muon. In addition, in [40] an equal
fraction of QE to DIS 3+c production was assumed, while in this paper the value of 0.15 ± 0.09
obtained in [34] was used. The samples in the two analyses are largely independent due to the
smaller initial sample available in [40] and the different cuts applied.
The number of charmed hadrons decaying into five charged particles is 22 with a
background of 1.5 events. This is too small to fit the different contributions. Assuming that the
five-prong decays are equally distributed among the three charged charm species and correcting
for the efficiency, we have NC5 = 42.6 ± 9.1. The overall charged charm topological branching
fractions are
BR(C + → 1 prongs) = (0.64 ± 0.10),
BR(C + → 3 prongs) = (0.35 ± 0.06),

(2)

BR(C + → 5 prongs) = (0.014 ± 0.003).

7. D0 production cross-section

The cross-section for the production of neutral charmed meson D0 in neutrino CC interactions
has been measured using the same sample of charm candidates [20]. The analysis was based
on the sample of D0 decaying into four charged particles and on the well-measured branching
ratio BR(D0 → 4 prongs). By using the same method with the updated value quoted in [39],
BR(D0 → 4 prongs) = 0.143 ± 0.005, we obtain the value of the cross-section:
σ (νµ N → µ− D0 X )/σ (νµ N → µ− X ) = (2.52 ± 0.17(stat) ± 0.12(syst))%. (3)
It is important to observe that in [20] also the decay of D0 into a fully neutral final state was
indirectly measured by subtracting the branching fractions for two, four and six prongs from
unity. The updated value is
BR(D0 → 0 prongs) = 0.17 ± 0.06(stat) ± 0.03(syst).
New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)
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The latter measurements together with the topological branching ratios quoted above have an
effect on the determination of the muonic branching ratio of charmed hadrons, as reported
in [41]. The updated value is
Bµ = (8.1 ± 0.9(stat) ± 0.2(syst))%.

(5)

This is in good agreement with the value of Bµ = (9.6 ± 0.4(stat) ± 0.8(syst))% obtained in the
CHORUS dimuon event analysis [11].
8. Charm cross-sections

By using the fitted quantities of the one-prong and three-prong samples and the corrected
number of five-prong events, a relative cross-section
σ (νµ N → µ− C + X )/σ (νµ N → µ− X ) = (3.23 ± 0.27(stat) ± 0.21(syst))% (6)
is obtained for the charged charm production rate in CC interactions. Forcing the 3+c one-prong
to three-prong ratio to be that of [40] hardly affects the total charm cross-section (by about
one-quarter of the systematic error).
Including the result obtained for the neutral charmed meson D0 given in the previous
section, the relative inclusive charm production rate in CC interactions is
σ (νµ N → µ− C X )/σ (νµ N → µ− X ) = (5.75 ± 0.32(stat) ± 0.30(syst))%

(7)

with a relative contribution of the charm species:
f D0 = (43.7 ± 4.5)%,

f 3+c = (19.2 ± 4.2)%,

f D+ = (25.3 ± 4.4)%,

f D+s = (11.8 ± 4.7)%.

In [42] we reported that in anti-neutrino CC interactions σ (ν̄µ N → µ+ C̄ X )/σ (ν̄µ N →
µ+ X ) = (5.0+1.4
−0.9 (stat) ± 0.7(syst))%. The value is similar to what we find for neutrino
interactions, as expected, since both total CC cross-section and charm production are about
half in this case.
The energy dependence of the relative charm production cross-section is obtained by
estimating the energy of the interacting neutrino on an event-by-event basis. A good estimate is
the sum of the energy of the primary muon and the total energy deposition in the calorimeter
corrected for the energy deposited by the muon and for the unmeasured energy loss of
hadrons in the material upstream of the calorimeter. The unmeasured part is mainly due to the
absorption in the emulsion stacks and corrected to the measured vertex position.
The resolution
√
of the calorimeter energy measurement is σ (E)/E = (0.323 ± 0.024)/ E/GeV + (0.014 ±
0.007) [16]. The momentum resolution varies from ∼15% [16] in the 12–28 GeV/c interval
to ∼19% [16] at about 70 GeV/c, as measured with test-beam muons. Given the relatively
small size of the energy bins, the average neutrino energy is very similar for charm production
events and CC events within the same bin, and no correction is necessary. The efficiency is
calculated by weighting the energy-dependent and decay topology-dependent efficiencies with
the measured branching ratios as reported above.
The energy dependence of backgrounds is assumed to be the same as that of CC neutrino
events. The differential cross-section measurement is normalized to the total neutrino–nucleon
cross-section and thus is not affected by the uncertainties between the beam simulation and
the beam flux measurement. The measurement of the charm production rate relative to the CC
interaction rate is shown as a function of neutrino energy and compared with the measurement
from E531 [15] in figure 4. Good agreement with an improved precision with respect to E531
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Figure 4. Energy dependence of the relative inclusive charm production cross-

section ratio. The squares show the measurements reported here, and the points
marked with triangles the E531 result. The circles represent the dimuon crosssection measured in [11] scaled for the muonic branching ratio quoted in this
paper.
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Figure 5. Energy dependence for charged (squares) and neutral (triangles) charm

cross-section ratio relative to CC cross-section.
measurement is shown. Very good agreement is found with respect to the dimuon cross-section
measured with the CHORUS electronic detector by scaling the dimuon results for the muonic
charm decay fraction quoted in this paper.
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The energy dependence for charged and neutral charm is reported separately in figure 5. A
very similar energy behaviour is shown except for the low-energy region where the contribution
of quasi-elastic production of 3+c may account for the difference [34].
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