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Abstract

A study of quasi-elastic production of charmed baryons in charged-current interactions of neutrinos with the nu-
clear emulsion target of CHORUS is presented. In a sample of about 46,000 interactions located in the emulsion,
candidates for decays of short-lived particles were identified by using new automatic scanning systems and later
confirmed through visual inspection. Criteria based both on the topological and kinematical characteristics of
quasi-elastic charm production allowed a clear separation between events of this type and those in which charm
is produced in deep inelastic processes. A final sample containing 13 candidates consistent with quasi-elastic pro-
duction of a charmed baryon with an estimated background of 1.7 events was obtained. At the average neutrino
energy of 27 GeV the cross-section for the total quasi-elastic production of charmed baryons relative to the v NV
charged-current cross-section was measured to be o(QE)/o(CC) = (0.23%5 52 (stat) 0 53 (syst)) x 1072
Through an analysis of the topology at the production and decay vertices the relative cross-sections were mea-
sured separately for singly (AF, 31, ©7*) and doubly (=71, =1 1*) charged baryons.

To be published in Phys. Lett. B
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1 Introduction

Even though the first experimental data on neutrino-induced charmed-baryon production were obtained in
the 1970s in bubble chamber experiments [1], they are still rather scarce when compared with those on charmed
mesons.

The study of quasi-elastic (QE) processes such as

Vymn — ,u_AC+ 1)
Vpn — N726+(Ec+*) )
v p— S (B ®3)

can provide useful information on the form factors for weak transitions of nucleons into charmed baryons, as well
as on the structure of baryons containing a heavy quark [2]-[8]. Also the determination of the cross-section for the
above processes constitutes an important step towards their understanding, since the predictions of existing models
disagree among themselves by one order of magnitude ([2]-[8]). Furthermore, it was previously pointed out [9]
that quasi-elastic charm production might be a way to isolate a pure sample of A that could be suitable to measure
more accurately the absolute branching fractions of that particle.

In a previous paper [10] we presented a measurement of the cross-section for production of AT in v N
charged current (CC) interactions. In this paper we focus on the quasi-elastic production of charmed baryons.

Charmed hadrons produced through quasi-elastic processes can be isolated either by selecting events with
a small number of charged particles at the interaction vertex with the additional kinematical constraint that the
invariant mass of the hadronic system be consistent with that of a charmed baryon, or by searching for one of the
peculiar topologies shown in Fig. 1 and corresponding to the three different processes (1)—(3) above.

The first approach has been exploited by bubble chamber experiments which combine high efficiency in
measuring charged tracks and long-lived neutral particles (A, K?), and good momentum resolution [11]-[16].
The cross-section is then extracted by using A} branching ratios, which however are known with large uncertain-
ties [17].

The second approach requires apparatus with excellent spatial resolution in order to detect the short-lived
charmed particle prior to its decay and to reconstruct the multiplicity at the primary vertex. Nuclear emulsions have
such a resolution and therefore this approach is suitable for use in hybrid experiments, i.e. experiments where a
nuclear emulsion target is combined with electronic detectors. E531 [18] — where three events consistent with the
process v, n — p~ AT (%) have already been observed — and CHORUS are examples of such experiments. Re-
cently, the development within CHORUS of automatic microscopes that scan nuclear emulsions at unprecedented
high speed has allowed the study of charm production in neutrino interactions with a statistics significantly larger
than previous similar experiments.

In this paper the results of a search for quasi-elastic charm production from a partial sample of the CHORUS
data are reported. In particular, measurements of the cross-sections, relative to CC interactions, of both the inclusive
vu,N — p~C and the exclusive v,N — p~C*, v,N — p~C** quasi-elastic reactions are presented. C
indicates here generically a charmed baryon, while C* and C** indicate a charmed baryon of single (A}, 7,
¥**) and double (X1, 27+*) charge, respectively.

2 Experimental apparatus

CHORUS was designed to search for v,, — v oscillations in the SPS wide-band neutrino beam at CERN
through the direct observation of decays of the r lepton in nuclear emulsions. Since charmed particles have a flight
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Figure 1: Topology of quasi-elastic production of charmed baryons by neutrinos: a) v,n — u~AF, b) v,n —
po B (E5ET) and ©) vup — pT IR,



length comparable to that of the 7 lepton, the experiment is also suitable to study charm production. The West
Area Neutrino Facility (WANF) of the CERN SPS provides an intense beam of neutrinos with an average energy
of 27 GeV. It consists mainly of v, with a contamination of 6% 7,, and ~1% v.. The CHORUS detector was
exposed to the neutrino beam during the years 1994-1997, with an integrated flux of 5.06 x 10'° protons on target;
in this four-year exposure more than 10° neutrino interactions were accumulated in the emulsion target.

The experimental setup is described in Ref. [19]. Here it suffices to mention that it follows a hybrid de-
sign that combines a 770 kg nuclear emulsion target with various electronic detectors. The emulsion target was
segmented into four stacks, each divided into eight modules. The basic element of a module is a plate, two 350
um layers of emulsion on either side of a 90 um plastic base of size 36 x 72 cm?; 36 plates form a module.
Each stack is followed by three interface emulsion sheets with a 90 ym emulsion layer on both sides of a 800 ym
thick plastic base — which yields an angular resolution of the order of 1 mrad — and by a set of scintillating fibre
trackers which provide an accurate (~ 150 pm in position and 2 mrad in angle) prediction of particle trajectories
into the emulsion stack for the location of the neutrino interaction vertex. The event search in emulsion relies in
fact on predictions based upon tracks reconstructed in electronic detectors. These also serve to measure the event
kinematics.

For v,, CC interactions the muon, identified in the muon spectrometer and reconstructed by the scintillating
fibre system, was searched for in the interface emulsion. If found, it was followed upstream by means of an
automatic scanning system [20] until no longer found in the target emulsion, thus indicating the existence of a
possible vertex. The emulsion plate in which the muon track disappeared is called the vertex plate. In total about
150,000 v,, CC events have been located in emulsion so far as a result of this procedure.

An automatic scanning system, called ‘Ultra Track Selector’ (UTS) [21], is used to record, within a volume
of 1.5 mm x 1.5 mm for eight consecutive plates (6.3 mm) around the position where the 1.~ track disappeared, the
spatial coordinates of points along the trajectories of all charged particles that have an angle of less than 400 mrad
with respect to the incident neutrino direction. Track segments are searched for only in the most upstream 100 pm
of each plate with an efficiency greater than 98%. In what follows, this procedure will be referred to as ‘NetScan’
[22]. The reconstruction of charged-particle trajectories in the NetScan volume allows a general search for the
decays of short-lived particles to be performed.

The original analysis was optimized to detect muonic decays of the 7 lepton and therefore it excluded events
in which the muon had a momentum larger than 30 GeV/c. This selection is no longer applied. The analysis of
events with p,, greater than 30 GeV/c is in progress. The search presented in this paper is limited to events where
the measured momentum of the muon is below 30 GeV and is based on a sample of 46,105 »,, CC interactions
analysed with the NetScan method.

3 Selection of decay topologies

A selection aimed at the construction of a sample to be visually inspected and enriched in A} decays show-
ing the peculiar quasi-elastic topology of Fig. 1 has been developed. The first steps of the selection were applied
to emulsiontracks 1) and to quantities measured by the electronic detectors; they contained the following require-
ments:

— one track reconstructed in emulsion must be matched with the muon seen in the electronic detectors, thus
defining the location of the neutrino interaction vertex ( vertex plate);

— another track reconstructed in emulsion must exist whose distance of closest approach to the muon is be-
tween 5 and 30 pm, thus signalling the presence of a possible decay vertex;

— this track has to originate in the same plate as the primary vertex (in-plate decay search);

— the event must have at most two tracks at the primary vertex. This is justified since we are looking for low
multiplicity topologies (Fig. 1) and at this stage the AT track is too short to be directly detected with the
NetScan procedure and will only be seen by the subsequent visual inspection;

— the energy measured in the calorimeter must be less than 10 GeV.

These criteria were applied to a sample of 46,105 v, CC interactions. Of these, 769 events were selected for
visual inspection, during which the following set of criteria were applied to obtain the final event sample:

— the presence of a decay is confirmed if the number of charged tracks at the decay vertex is consistent with
charge conservation and no other activity (nuclear or Auger electron) is observed,;

— decays into a single charged particle are accepted only if the angle between the parent and the decay product
(kink angle) is greater than 50 mrad;

— flight lengths, measured as the distance between the primary and decay vertices, are required to be greater
than 20 pm; this avoids the loss of efficiency in the visual inspection of decays occurring very close to the
primary vertex;

— flight lengths below 200 um are required to enrich the sample in A};

1) In this search we define an emulsion track as a track reconstructed in the NetScan volume and composed of at least two segments



Decay type Charged charm Ns=2 Ng=3
C1 33 13 8
C3 38 14 13
Ch 1 1 0

Total 72 28 21

Table 1: Results of the visual inspection for charged charm decays.

— the event is selected as a candidate if, at the primary vertex, it has a charged multiplicity consistent with
quasi-elastic charm production ) ;

— neutrino interactions occurring in the plastic base between emulsion layers are rejected to be able to apply
the previous selection on charged multiplicity.

The majority of the inspected events do not exhibit a decay topology, consisting mostly of low-momentum
tracks that appear to have a large impact parameter owing to multiple Coulomb scattering and of tracks traversing
the emulsion plate [10]. The results of the visual inspection for candidates accepted as a decay of a charged particle
are summarized in Table 1. A total of 72 decays were confirmed and in the table they are divided according to the
charged multiplicity (1, 3,5, represented by the digit in the first column) observed in their decay. Of these, 49
satisfy the multiplicity criteria at the neutrino interaction vertex and therefore are considered further as candidates
for quasi-elastic production. Details are given in the second and third columns of the table. NV g indicates the number
of charged tracks at the primary vertex including the charged charm hadron and excluding any activity that can be
assigned to nuclear break-up (the black tracks). Ns = 2 and Ng = 3 therefore would characterize the quasi-elastic
production of charmed baryons of charge +e¢ and +2e, respectively.

4 Efficiency evaluation

Detection efficiencies were evaluated with a GEANT3 [23] based Monte Carlo simulation of the experiment.
The quasi-elastic production of charmed baryons (QE) was simulated using a special event generator dedicated to
that specific process (QEGEN [24]) and in which the differential cross-sections given in Ref. [5] were imple-
mented. For the background calculation large samples of deep-inelastic neutrino interactions (DIS) were generated
according to the beam spectrum by means of a Monte Carlo program (JETTA [25]) developed within CHORUS and
based on LEPTO [26] and JETSET [27]. Also the contribution of D and D diffractively produced was evalu-
ated using a program developed for this purpose [28] and included in the final background under the assumption
that 50% of all D can be assigned to diffractive processes.

To evaluate the NetScan efficiency, the emulsion data of the simulated events were merged with real NetScan
data where the volume did not contain any events but only tracks which stop or pass through the volume, thus rep-
resenting realistic background conditions. The performance of the automatic scanning system was also simulated
using data accumulated in the NetScan procedure.

The detection efficiencies, containing both the geometrical acceptance and the reconstruction efficiency,
evaluated for quasi-elastic production of charmed baryons that constitute the signal and for other DIS processes
thatyield AT, D, and D7 and are therefore background, are shown in Table 2 separately for the different charmed
particles and for each decay topology (1-prong, 3-prong). The column labelled D7.S D7 includes also the contri-
bution from diffractive processes. The errors quoted are those corresponding to the Monte Carlo statistics. Sources
of systematic error have been considered and their effects will be included in the final result (see section 6).

| QFE (CT) QE (CTT) DIS A DIS DV DIS DI

c1p | Ns =2 0.057 £ 0.004 - 0.021 £0.005 0.004 £0.001 0.007 & 0.003
Ns=3 - 0.074 £0.007 0.010 £0.004 0.003 £0.001  0.001 % 0.001

esp | Ns =2 0.166 & 0.006 - 0.044 £ 0.006  0.005 £ 0.001  0.006 & 0.002
Ns=3 - 0.181 £0.009 0.022 £0.004 0.004 £0.001  0.002 % 0.001

Table 2: Detection efficiency containing geometrical acceptance and reconstruction efficiency for decays of
charmed hadrons.

5 Kinematical selection
Since quasi-elastic charmed-baryon production is characterized by low hadronic energy, a significant back-
ground rejection can be obtained on the basis of the visible energy measured in the calorimeter. To reduce the

2) Among the events selected for visual inspection there are still some with a track multiplicity higher than that expected for quasi-elastic
charm production because of large-angle tracks escaping the automatic scanning system.



fluctuations due to the energy loss of the primary muon in the calorimeter, only the energy measured in the first
sector (EM) [29] was considered. Figure 2 shows Eg,, the energy measured in this sector of the calorimeter,
for the candidate events. The distribution is compared with that expected for DIS production of charmed hadrons
obtained with the simulation and normalized to the expected number of background events. The contribution of the
diffractive production of D and D™ has been also included. An excess of events is visible in the energy region
below 2 GeV and it is suggestive of quasi-elastic production of AT. Therefore, to enhance the quasi-elastic charm
signal, only events with Egy; < 2 GeV are considered for further analysis.

Number of events

Energy measured in EM (GeV)

Figure 2: Energy measured in the first sector of the calorimeter (EM) for charged charm candidates. The solid line
shows the energy distribution given by Monte Carlo simulation for deep inelastic charm production normalized to
the expected number of background events. The dashed line shows the effect of an additional 10% contribution
from quasi-elastic charm production.

A further rejection of background from non-quasi-elastic processes is obtained by studying the distribution
of the angle ®, the azimuthal angle between the primary muon and the charmed particle trajectory in the plane
transverse to the incident neutrino direction.

In this plane, if the production process is quasi-elastic, the A is expected to be exactly back-to-back with
respect to the muon. The experimental resolution, the Fermi motion of the nucleon, and the transverse momentum
carried by the (soft) pion when the A} is the product of decay of a . would affect ® causing small deviations
from the ideal value of 180°.

On the other hand, charmed hadrons produced through DIS processes are often accompanied by other neutral
particles carrying a fraction of the hadronic energy. This fraction becomes relatively more important when the
measured energy is below 2 GeV and therefore the correlation between the muon and the charmed baryon no
longer exists.

In Fig. 3 the ® distribution for events with Eg); < 2 GeV is compared with the Monte Carlo expectations.
The predictions of the DIS Monte Carlo alone have a different shape and do not agree with the data for large values
of @; it is with the inclusion of a quasi-elastic contribution that a good description is obtained. On the other hand,
for ® < 150°, 10.6 events are predicted by the DIS simulation and nine are observed. In addition, it was verified
that the DIS Monte Carlo describes the ® distribution for events with Fg; > 2 GeV. The azimuthal angle ®
therefore has discriminating power and ® > 165° will be required to isolate the signal.

Table 3 summarizes the effects that the selections on energy and angle discussed above have on charmed
baryons produced quasi-elastically and on DIS A}, the main component of the surviving background.

Selection DISAT QECT QECTT
Fenm <2GeV | 0.35+£0.04 0.84+£0.01 0.83+0.01
P > 165° 0.17£0.05 0.81£0.01 0.77£0.01

Table 3: Efficiency of the kinematical selection on deep inelastic and quasi-elastic AT events
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Figure 3: Azimuthal angle between the primary muon and the charmed particle trajectory in the transverse plane,
for events with g, < 2 GeV. The solid and dashed lines are the expectations from deep inelastic scattering and
deep inelastic scattering and quasi-elastic simulations, respectively.

6 Results and Conclusions

After the kinematical selection thirteen events survive, nine with Ng = 2 (2-C1, 6-C3, 1-C5) and four with
Ng = 3 (1-C1, 3-C3). In principle, sources of background are charmed hadrons D, D, and AT produced in
deep inelastic processes as well as D} and D** produced diffractively.

Using a Monte Carlo sample of events which includes at production level all these components with relative
abundances fixed on the basis of the results given in Ref. [10], the number of background events with E gy, <
2GeVand ¢ > 165° was computed to be 1.7+0.6. As already remarked, the selections applied reduce significantly
the contribution of all channels containing a charmed meson, leaving only DIS A as the dominant component.

Correcting the number of quasi-elastic candidate events with the efficiencies given in Tables 2 and 3, we
obtain

Nyys_s = 96.1577 (stat) L1535 (syst)
and
Nﬁfzg = 37.7f33j§(3tat)i§é(syst)
for the quasi-elastic processes (1)—(2) and (3), respectively. The systematic error includes the effect of Monte Carlo
statistics used for the efficiency evaluation, instrumental effects, error on background evaluation, and differences
in the Q2 dependence in the simulation of the quasi-elastic charmed-baryon production.

The ratio of the location efficiency of the different charm-producing processes relative to v,, CC interactions
has been evaluated [10] using real data and the Monte Carlo muon momentum spectrum. For quasi-elastic charm
events this ratio is 1.24 4+ 0.01.

As already stated, this analysis is restricted to events where the measured momentum of the muon lies below
30 GeV. However, Monte Carlo studies show that this does not introduce a bias since its effect on the quasi-elastic
charm production rate relative to v, CC interactions is only a fraction of a percent, due to cancellations in the ratio.

Therefore, normalizing to the number of CC events in the sample, a value of

o(QE)/o(CC) = (0.23%4 5 (stat) 7505 (syst) x 1072

is obtained for the ratio of the cross-sections for quasi-elastic production of charmed baryons and v N CC interac-
tions.
In the same manner it is possible to obtain the cross-section ratios

o(CT)/a(CC) = (0.1715:8%(stat) 4 0.02(syst)) x 1072



and
a(CT1)/a(CC) = (0.0715 07 (stat) + 0.01(syst)) x 1072

for the production of charmed baryons of charge +e¢ and +2e¢, respectively.
Isospin properties imply [2]-[8] that

o(vp — i) + olvp — pT) = 2o(vn — pmEF) + o(vn — pm 1Y)

Since nuclear emulsions are approximately isoscalar, the above relation can be used with the measured values of
the cross-sections to conclude that in quasi-elastic v N scattering A. and X baryons are produced at an almost
equal rate.

Among the various models, the measured value of the cross-section seems to prefer those that introduce
suppression factors to simple quark models, like [3] and [8].

Combining the result obtained in this paper with that given in Ref. [10] — where the total production of A,
was measured — we can conclude that 0.15 £ 0.09 of all A, baryons are produced through quasi-elastic processes.

In quasi-elastic events, conservation of transverse momentum at the primary vertex allows the momentum
of the charmed baryon to be estimated and therefore to reconstruct completely the event kinematics. This recon-
struction however is only approximate since Fermi motion and the momentum of the pion that might come from
3. decays are neglected.

Figure 4 shows the Q2 distribution obtained from the thirteen quasi-elastic charm candidate events. The
observed average value of this quantity is (Q?%),s = (2.0 £ 0.6) GeV2.

The histogram is the result of a Monte Carlo simulation with the model of Ref. [5]. Despite large discrep-
ancies in the total cross-section predictions, the various models [3]-[8] give similar Q2 behaviour and the present
data do not have sufficient resolution to discriminate them.

Number of events

Figure 4: 2 distribution for the observed quasi-elastic charm candidates. The histogram is the result of a Monte
Carlo simulation with the model of Ref. [5].

The sample analysed for this paper is only a quarter of what is available in CHORUS and therefore the
analysis of the complete sample is expected to improve the statistical error significantly.
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