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Abstract. - During the years 1994-1998, the CHORUS experiment was taking data
in the wide band neutrino beam of the CERN-SPS. The main goal of theieque
was the search for neutrino oscillation phenomena. In addition to the oscilkgmrch,
measurements of charm production have been performed. The OB@®periment was
designed to search for the appearance of tau neutrinos by detecting tlecty vertices
in its nuclear emulsion target. The same technique was used to make a toalofeg
lection of charmed particles. Measurements of charmed particle giodun neutrino
interactions and charm decay properties were performed. The reezeuts in the emul-
sion target were complemented by the study of multi-muon production irelbeimeter.
An overview of the charm physics results obtained with the CHORUS expatiwmiill be

given.

1.Introduction

In the CHORUS experiment it has become possible to studyustamh of individual charm
species with hundreds of events [1]. This type of analysénabled by the use of a massive
emulsion target and by a steady increase in the speed of atitomicroscope stages. About
2000 charm decays have been fully reconstructed, divideghly equally between charged
and neutral charmed particles. We review here mainly thiysisaf this sample of events. In
addition we compare the results obtained with the emulsita @ith the analysis of di-muon
events in the CHORUS calorimeter.

The CHORUS detector was exposed to the wide-band neutriaim loé the CERN SPS
during the years 1994-98. The beam consisted maindy, afith a contamination of 5%,
and about 1%.. In total =94 000v,, charged-current (CC) events with a negative primary
muon were located and fully reconstructed in the emulsiogeta The CHORUS detector
is a hybrid set-up which combines a nuclear emulsion targgt warious electronic detec-
tors such as trigger hodoscopes, a scintillating fibre gaskstem, a hadron spectrometer,
electromagnetic and hadronic calorimeters, and a muonrspeeter [2]. The emulsion scan-
ning is performed by computer-controlled, fully automaticroscope stages equipped with a
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Table 1: Charged-current data sample and charm subsample

Located CC events 93 807
Charged charm candidates 965
C1 452
C3 491
C5 22
Neutral charm candidates 1048
V2 819
V4 226
V6 3
Total charm candidates 2013

CCD camera and a read-out system called ‘track selecto4][3;he track-finding efficiency
of the automatic track recognition is higher than 98% focltralopes less than 400 mrad.
This ‘event location’ process is described in detail in RE$and [6]. Once the vertex plate
is identified, a very fast scanning system [7] is used to perfa detailed analysis of the
emulsion volume around the vertex position, recording,efach event, all track segments
within a given angular acceptance. We refer to this type afsing, originally developed for
the DONUT experiment [8], as ‘NetScan’ data taking [9].

Out of the sample of 93 807 scanned and analyzed neutrineéut charged-current
events, these criteria select 2752 events as having a depalogly. These have been vi-
sually inspected. The presence of a decay was confirmed & @@nts. The purity of the
automatic selection is 73.2%. The result of the visual intpe is given in Table 1 where ac-
cording to the prong multiplicity the observable decay togees are classified as even-prong
decays V2, V4 or V6 for neutral particles (mainly°’) and odd-prong decays C1, C3 or C5
for charged particles (mainly}, D, D).

2.Measurements

We measure thistal D° production rate i N charged-current interactions and, using the en-
ergy dependence of this rate, obtain a valuenigy the effective mass of the charm quark [10].
The ratios of topological Bbranching fractions can be obtained by correcting the olser
numbers of events with their corresponding efficiencieskaukground. For the ratio of four
prongs,B(D° — V4), to two prongsB(D° — V2), we find: B(D — V4)/B(D° — V2) =
0.207 £ 0.016 £ 0.004. The fraction of decays into four charged particles is atedifrom
an external measurement and found ta®° — V4) = 0.1339 + 0.0061 [11]. The preci-
sion of this external measurement, together with the olesenumber of B decays into four
charged hadrons, can be exploited to yield the ratio of thesssections (D) /o (CC). The
topological branching fraction into two charged partigiesbtained using this external mea-
surement the ratio dB(D® — V4)/B(D° — V2): B(D® — V2) = 0.647 £ 0.049 + 0.031.
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Figure 1: (left) Energy dependence of the cross-sectidn.rafthe data points drawn as
full lines show the measurements reported here. The cureeigh the data points shows
the result of the model calculation. (right) Transversemaatum distribution of positively
charged hadron tracks from the primary vertex with respette direction of [J.

Three events were observed with six charged daughter traoksobtainsB(D® — V6) =
(1.275:3 £0.2) x 1073,

From the branching fractions into visible decays, the binargratio into final states with
all neutral daughters can be deduc&iD" — V0) = 0.218 4 0.049 + 0.036. This result is
significantly larger than the sum of measured neutral decagem [11] & 5%). Wohl [12]
predicted a result of 25% in agreement with this measurement. The relative productio
cross-section of Bs in CC interactions with respect to the inclusive CC cresstion can
be obtained without making assumptions concerning thechiag fractions of the B by
using the observed number of decays into four prongs(@ — V4). With the statistics
given in Table 1 a value of(D°)/o(CC) = 0.0269 + 0.0018 =+ 0.0013 for the relative rate
compared to CC is found.

The measurement of the’production rate relative to the CC interaction rate is shown
as function of neutrino energy and compared with the measemés from E531 [13] (dashed
errors) in Figure 1. From a fit of models (drawn curve in Figtdl)he energy dependence a
value of the effective charm quark mass,, can be obtaineeh. = (1.42 + 0.08) GeV/c? .
An additional systematic error @f0.04 is deduced from variations of the assumptions.

The identification of D™ in this experiment is based on its decay intd &nd~+ [14].
For each particle track, recognized in the emulsion asrmatgig from the primary vertex, a
charge selection is made and the transverse momemntgmyith respect to the direction of
the D’ is measured. According to a MC calculation the separatitwésn signal and back-
ground is possible only for interactions originating incés three and four. The signal-to-
background ratio is most favourable in the region from 10 MeV ¢ to 50 MeV/¢. Figure 1
shows thep distribution of positively charged hadrons originatingrfr the primary vertex
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Figure 2: Measured distribution af (left panel) andz (right panel) of the B. In the left
panel the thicker curve represents the fit to the Petegsah model, while the thinner one
shows the fit to the Collins—Spiller model.

in the DY data sample. The drawn histogram represents the expectpd shthe candidates
(including the background simulation) normalized to theated events. In the other charge
combinations no such signal is found. This behaviour is ardteication of a signal of D"
decays.

There are 27 events with a positive hadron in the signal regidghe D’ sample. Using
the evaluation of the background amountingdté &+ 1.9, a signal of22.1 + 5.5 events is
obtained.

The most direct measurement which can be obtained is the eaD** and O pro-
duction; one gets(D*) /(DY) = 0.38 + 0.09(stab + 0.05(sysh. Under the assumption
that the DO° and D' production rates are equal and recalling that tH8 Blways de-
cays into a [, it can be concluded that most’® in neutrino interactions are produced
through the decay of a'Dis 0.63 & 0.17. The rate of D meson production relative to the
neutrino charged-current interaction cross-section @wobiained aso(D*")/o(CC) =
[1.02 = 0.25(stah =+ 0.15(syst)] % .

To study the fragmentation of charmed quarks into hadroesusnally defines the ratio
z of the energy of the charmed partid2” and the energy transfer to the hadronic system
v. The estimate of/ is obtained from the measurement of the total energy degzbsit
the calorimeter. The momentum of thé Drequired to define, is not directly measured.
Instead, one can exploit the correlation between the mameand the angular distribution
of the decay products [15] making use of an unfolding procedLe].

Figure 2 shows the distribution of all s in the final state. The thicker curve represents
the fit result with the value of the Peterson [17] parameger 0.108 £ 0.017 £ 0.013. The
fit to the data using the Collins—Spiller [18] approach with as a free parameter, gave a
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Figure 3: Flight-length distributions of charged charm candidates decaying into plamtieles. The
histograms represent the flight-length distributions given by the Montk Ganulation for D" and
D7, normalized to the number of observed events.

valuee,s = 0.217507 +0.04.

It is also customary to describe the fragmentation procegsrims of the Feynman
variable ), which is defined as the longitudinal momentum of the charpeaticle in the
hadronic centre-of-momentum frame, divided by the maxinpassible momentum for the
particle. Figure 2 shows they distribution of the [ production. For the average value
we find (zr) = 0.38 £0.04 £ 0.03. The forward—backward asymmetry, is found to be
A = 0.79 +0.14 £+ 0.05 indicating once more that most charmed particles are pestlic
the forward region.

Charged charm decays in the CHORUS emulsion are coming toee types of parent
particles: D, dspl andA7. Since it is not possible to identify decays on an eventAsne
basis, the separation among the different charmed parikbkchieved in a statistical manner
by exploiting their different lifetimes and hence flightagth distributions [19]. One sample
enriched inAT decays (selection A) and another where &nd Df decays should dominate
(selection B) have been defined. Figure 3 shows the flighgthedistributions for decays into
three charged patrticles for events in the two regions, coatbaith the expected distributions
for the charged charm mesong @nd DI normalized to the observed number of events. A
difference in shape and an excess of events is visible inggem of small flight lengths
(below200 pm) for selection A and it constitutes evidence fgf decays.

Normalizing to the number of CC events in the sample, a valu@.64 + 0.35(stat) +
0.18 (sysb) x 10~2 is measured fos (AF) /o (CC).

Charmed hadrons produced through quasi-elastic proceasdse isolated by selecting
events with a small number of charged particles at the iotienravertex with the additional
constraint of the observed decay vertex [20]. A totaldflecays were confirmed by a visual
inspection. Figure 4 showsg,,, the energy measured in the first sector of the calorimeter,
for the candidate events. The distribution is compared ittt expected for DIS produc-
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tion of charmed hadrons. An excess of events is visible iretiergy region below GeV.
This region enhances the quasi-elastic charm signal, adgte with Eg), < 2 GeV are
considered for further analysis. In the plane perpendidoléhe beam a\I produced in a
quasi-elastic process is expected to be back-to-back esihect to the muon. In Fig. 4 tide
distribution for events witht'g,; < 2 GeV is compared with the Monte Carlo expectations.
A signal of 17 events with a background of 1.7 events is foubdmbining this result with
the total production of\. we can conclude tha&15 + 0.09 of all A. baryons are produced
through quasi-elastic processes.

It is more difficult to distinguish thédD™ and D}. A separation among them is achieved
in a statistical approach by exploiting the difference dtlimes of AT, D™ and Df. The
momentum of the charmed hadrons can be estimated expltitingorrelation between the
momentum and the angular distribution of the decay produétdikelihood function is
constructed for each event using only the decay lifetimerinftion. The one-prong and
three-prong sample are fitted separately. Combining thetrekthe fit with the ¥ cross-
section [1] we find the fractional contribution of charmeditens: fpo = (45.7 £ 3.0)%,
far = (185 £ 3.6)%, fp+ = (24.5 £3.8)%, fp+ = (11.3 £ 4.7)%. Including also
the result obtained for neutral charmed hadrons in Ref, fb@]inclusive charm production
rate in neutrino charged-current interactionsr (g, N — p CX)/o(v,N — p~X) =

30
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Figure 4: (left) Energy measured in the first sector of theraeter (EM) for charged
charm candidates. The solid line shows the energy distoibgfiven by Monte Carlo simu-
lation for deep-inelastic charm production. The dasheg ¢imows the effect of an additional
10% contribution from quasi-elastic charm production. (rjghzimuthal angle between the
primary muon and the charmed patrticle trajectory in thesvarse plane, for events with
FEgy < 2 GeV. The solid and dashed lines are the expectations fropridetastic scatter-
ing and deep-inelastic scattering and quasi-elastic sitioms, respectively.
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Figure 5: (left) Charm production rate i, CC interactions as a function of the anti-neutrino
energy: measured in CHORUS (empty box) and derived fronepgliein data (dashed lines)
using the muonic branching ratiB,, given by Ref. [22]. The line shows the theoretical
prediction obtained from a leading-order calculation with = 1.31 GeV/c? [23]. (right)
Opposite-sign di-muon production relative cross-secfidre solid line represents the Monte-
Carlo prediction obtained.

(5.88 + 0.32)%, where the error is statistical orly

Charged-current interactions of the anti-neutrino coimation in the beam can be tagged
using the outgoing muon charge [21]. For 2704 of the chanyetent events reconstructed
in the emulsion, the charge of the muon is found to be positikevalue of (7, N —
pteX) /o, N — ptX) = (5.0755(stah + 0.7(sysy)% is obtained for the charm pro-
duction rate in charged-current interactions induced’byormalized to ther, CC sample.
Figure 5 displays the cross-section ratio as a functione#titi-neutrino energy (below 100
GeV), together with the corresponding results derived fddepton data and with the theo-
retical prediction.

Taking advantage of the manual measurement of the decalptppthe muonic branch-
ing ratio is determined separately on the basis of the nurabeharged daughters of the
charmed particle [24]. The number of events is sufficientatermine the average muonic
branching fraction directly from the number of charm evemith a secondary muon in the
final state, with an uncertainty comparable with that olgdiby existing, indirect, measure-
ments.

The result of applying the selection criteria for muons &wks emerging from secondary
vertices is shown in Table 1 for each decay topology sedgraldhe measurement of the
muonic decay branching ratio of thé Bields B,, (D) = [6.541.2 (sta§+0.3 (sysh] x 102

1This result is preliminary.
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Table 1: Number of secondary tracks identified as muons irdega, background normalized
to the number of selected tracks, and identification effeyjess obtained from simulation.
The errors on the identification efficiencies are determhethe limited Monte Carlo statis-
tics. The last column shows muonic branching ratios foreddht prong samples and their
mixtures.

Number of prongs Selected Background sijl,% B,, (%)
C1 20 0.8 36.0-3.4 10.8+2.4+0.5
V2 34 9.8 345£19 83+14+04
C3 17 8.4 26.4-26 6.1+1.6+0.6
C1+C3 37 9.2 31231 86+1.4+04
V2+V4 36 9.8 30.1+15 81+15+0.3
Inclusive 73 19.0 30421 7.3+0.7+0.2

This result is in agreement with the valge.6 + 0.8) x 1072 quoted in Ref. [11]. The
inclusive muonic branching ratio for the complete samplehafrm hadrons is determined to
beB, = [7.3 £+ 0.8 (stah + 0.2 (sysh] x 1072.

In neutrino-nucleon deep-inelastic scattering, evenas fthesent two muons in the fi-
nal state are mainly due to the muonic decay of a charmed hgdamuced in a neutrino
charged-current interaction. The sample of neutrino ieduwharged-current di-muon events
produced in the lead-scintillating fibre calorimeter of tAHHORUS detector represents the
second largest data-set to date [25]. The primary muon andé¢bay muon have opposite
electric charge. The number of observed di-muon eventsndispen the charm quark mass
(m.) via the slow rescaling mechanism, the amount of strangekaea £), the fragmenta-
tion parameterep) and on the branching ratio of charm into mud?),j. A total of8910£180
events with a leading™ and430 + 60 events with a leading™ were selected. The result of
this leading order analysis can be summarized as follows:

me = (1.26 4+ 0.16(stat) = 0.09(syst)) GeV/c?

k = 0.33£ 0.05(stat) £ 0.05(syst) 1)
ep = 0.065+ 0.005(stat) = 0.009(syst)
B, = 0.096= 0.004(stat) £ 0.008(syst)

Results of this analysis compare well with earlier analyggesents originating in the nuclear
emulsion target of the CHORUS experiment. The result is shiowFig. 5 where statistical
and systematic errors have been added in quadrature.

Among the multi-muon events produced in the calorimetey, 42~ i+ tri-muon events
were selected and their kinematical properties inveg)f26]. Detailed Monte Carlo sim-
ulations show that more than half of the tri-muon events carattributed to the produc-
tion and muonic decay of light neutral mesons and resonandemns fromz— and K~
decays in charm di-muon events are responsible for an addlt25% contribution to
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the totalp~—p~p™ rate. The remaining 25% of events are likely to come from theri
nal bremsstrahlung of virtual photons into a muon pair. Agged-charm production with
subsequent decays of both charmed particles into muonseglagible component of this
sample.

A search for associated charm production both in neutralcéiadged-current neutrino-
nucleus interactions was performed using the data sampendirmed charm events in the
emulsion shown in Table 1 [27, 28]. Two processes can caui&ito this reaction: boson-
gluon fusion (only in NC interactions) and gluon bremsdtraf (NC and CC). Four events
were observed with two charm decays: three in NC and one inn@€actions. An overall
background of 0.18 0.06 events is expected in CC interactions, mainly from avhiter-
actions and a background of 0.#80.05 events is estimated in tiig sample. The main
background source for the double charm production in NGraatéon comes from charged
lepton misidentification in CC double charm events.

The value obtained for rate of NC associated charm producélative to the total neu-
trino flux with 27 GeV average neutrino energyigcr) /oRe = (3.6273 95 (stah+0.54(sysh) x
10~3. Our result is compatible with the prediction of tA&-gluon fusion model [29]. In the
framework of this model, one obtains the relative rate of €ogiated charm production as
~4x 1073,

With the observation of one event for associated charm mtgaiuin CC interactions, we
obtain for the relative rate an upper limit at 90% C.L. [30pgtcu~)/occ < 9.69 x 1074,
normalizing to the total neutrino flux. The cross-secticedicted by the QCD inspired parton
model [31] has a strong energy dependence. Although the-sexgion of this process at the
average energy of the CHORUS beam is low, the measured production rate is in agreement
with the prediction of the QCD inspired parton model. Thetigke rate of CC associated
charm production is calculated to be2 x 10~ within the framework of this model. The
a posteriori probability that the background for the topology with twautral decays gives
one event is 0.016. Taking into account that this was not tig tpology searched for,
it is difficult to convert this into a uniquely defined confidenlevel. However, given the
special topology, itis very likely that this event constitsian observation of associated charm
production in CC interactions.
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