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Abstract

A systematic search for superfragments (charmed nuclei) has been performed in 22 200 ne
emulsion interactions obtained with the CHORUS experiment making use of automatic o
image analysis. The absence of candidates provides an upper limit for the superfragment
tion rate of 1.9 × 10−4 (90% C.L.) relative to neutrino charged-current interactions at an ave
neutrino energy of 27 GeV. In the same analysis 28 hyperfragment decays were found. For
time, a production rate of hyperfragments in neutrino–emulsion interactions was obtained. Th
of the hyperfragment production rate relative to the neutrino charged-current cross-section wa
to be(2.0± 0.4(stat) ± 0.3(syst)) × 10−3.
 2005 Elsevier B.V. All rights reserved.

1. Introduction

The possible existence of superfragments—nuclei containing a charmed baryon s
a �+

c —has been described theoretically in Refs.[1–8]. Only one experiment has report
the observation of three superfragment candidates. These were obtained in 250/c

proton–emulsion interactions[9]. The existence of superfragments has still not b
demonstrated experimentally in a conclusive way. On the other hand, hyperfragm
nuclei containing a strange baryon—have been vigorously studied in experimen
ing various reactions:(K,π), (π,K), (e,e′K), (K−,K+) and (γ,K) (see, for example
Refs.[10–12]and references listed therein). The production of those states in neutri
teractions has not attracted interest in the past because of the extremely small cross
(σ/Eν ≈ 10−42 m2/(GeV nucleon)). However, the production fractions for charmed p
ticles and strange particles in neutrino charged-current (CC) interactions are estim
be approximately 6% and 20%, respectively. For the production of superfragmen
neutrino interactions have the particular advantage of a much higher production ra
charmed particles compared to reactions of other incoming particles.

The characteristic features of hyperfragment and superfragment production in an
sion target are the heavily ionizing track (‘black track’) of the fragment originating a
primary interaction vertex followed by a secondary decay vertex. From the decay
the daughter fragments are visible as black tracks. In non-mesic decays, uniquely
tracks are present. In mesic decays at least one of the daughter particles leaves
compatible with a single charged particle. The characteristic decay length is expecte
of the order of several microns, well within reach of detection in an emulsion target. T
fore, in order to detect the production of hyperfragments and superfragments, the p
interaction vertex has first to be found and black tracks near to this vertex detecte
main selection criterion is then the non-zero impact parameter of at least one of thes
tracks with respect to the interaction vertex, indicating the presence of a secondary

Finally, with a kinematical analysis of the decay vertex one can distinguish supe
ments from hyperfragments by their much larger energy release.

The development of automatic emulsion analysis systems[13] greatly increases th
ability to process large numbers of neutrino events. This progress makes it possible

tect superfragments or hyperfragments produced in neutrino–emulsion interactions. These
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systems, however, have not been optimized for the analysis of nuclear fragments,
are observed as black tracks in emulsion. In the neutrino–emulsion experiments per
up to now, only shower tracks (‘thin tracks’) produced with relativistic momenta have
studied. Hence, searching for rare events with black tracks produced in neutrino in
tions still has to be conducted manually and requires much eye-scanning work even
the scanning is made easier with the help of semi-automated or fully automated em
analysis systems. In the CHORUS experiment, digitized video images of a large num
neutrino interaction vertices were taken during the automated emulsion analysis. O
image analysis reduced the emulsion-scanning load to a large extent.

In this paper, an upper limit for the production of superfragments is presented a
first measurement of the production rate for hyperfragments in neutrino–emulsion in
tions is given.

2. Experimental procedure

The CHORUS detector[14], a hybrid setup consisting of an emulsion target and e
tronic detectors, was designed to search forνµ → ντ oscillation. The detector was installe
in the West Area of CERN and exposed to the wide band neutrino beam of the CER
(average energy 27 GeV) during the years 1994–1997. The data taking was divide
two periods 1994–1995 (Run I) and 1996–1997 (Run II). The muon neutrino beam
tains 6%ν̄µ and 1%νe. The integrated intensity corresponds to 5.06× 1019 protons on the
production target. In this paper we present the analysis of a total of 22 200 events
by emulsion-image analysis out of 74 454 events taken in Run II. In each run, an em
target with a total mass of 770 kg was exposed. The emulsion was replaced after
The target was segmented into four stacks, each of the stacks consisting of eight m
A module contained 36 emulsion plates of size 36 cm× 72 cm which were made of
90 µm plastic base coated on both sides with a 350 µm emulsion layer.

Events containing only one muon (1µ event) with negative charge and moment
smaller than 30 GeV/c were selected for event location in the emulsion target. The
lection was optimized for the detection of decays of theτ lepton.

The emulsion-scanning procedure was performed with fully automated emulsion
sis systems. The negative muon track (‘scan-back track’) was followed upstream
module from one plate to the next. If the scan-back track was not observed in two
secutive plates, the first of these plates was called the ‘vertex plate’ as shown inFig. 1.
The interaction vertex (primary vertex) was expected to be in this plate. For each s
the vertex plate, tomographic video images were taken by focusing at 48 different
depths of the emulsion as illustrated inFig. 2(a). An image of a focal plane (‘frame
consisted of 512× 512 pixels. A set of 48 frames (‘view’) covered a volume of ab
150 µm× 120 µm× 350 µm. This volume was used as one unit for the image ana
Depending on the slope of the scan-back track, a total of two, four or six views were
in a vertex plate containing the primary vertex, as shown inFig. 2(b). One image consiste
of a set of these views. Because images were filtered by a track selector[13] (an automatic
image analysis processor) in the read-out direction of the CCD camera (‘scanning li

optimize the recognition of shower tracks (minimum-ionizing particles) for theτ search,
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Fig. 1. Vertex location. The white and black ellipses represent not found and found track segments, resp

Table 1
Number of events corresponding to the number of images
analysed

Images Events 1µ events

Run96 49 966 39 162 39 162
Run97 48 767 40 068 35 292

Total 98 733 79 230 74 454

black tracks were eliminated in that direction. Thus, the image processing was in
tive to black tracks along the scanning line as shown inFig. 3(a). The number of event
corresponding to the number of images analysed are listed inTable 1.

In addition to the off-line image analysis, 1866 images of randomly selected e
were checked by eye (‘eye-checked images’) with an image viewer displayed on a

monitor screen and the primary vertex position was measured to evaluate the accuracy of
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Fig. 2. Construction of an image. (a) Configuration of a view. One view consists of 48 frames. (b) Configura
an image. The integer number shows the number of the view. One image consisted of 2, 4 or 6 views corres
to the slope of the scan-back track.

the image analysis. The fraction of events of the eye-checked images containing a p
vertex is (71.5± 2.0)%. Of the 1866 events, (66.0± 1.8)% had their primary vertex in th
emulsion material, as summarized inTable 2. Furthermore, the angles of 668 black trac
emitted from 175 interaction vertices out of the 1866 eye-checked images were ma
measured in the emulsion (‘emulsion-checked images’) to evaluate the efficiency of fi

black tracks by image analysis.
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Fig. 3. An example of an image. The size is 150 µm× 120 µm. Left-hand figure: original CCD image. Right-ha
figure: image which was saved to be analysed after digitization and filtering. Black tracks A, B and C
original CCD image along the direction of scanning line were eliminated in the image.

Table 2
Details of the analysis of images by the eye-check

Events

Eye-checked 1866
Containing primary vertex 1335

(in the emulsion) 1241
(in the base) 94

Primary vertex in the fiducial volume 1097

3. Image analysis

The image-analysis procedure is much faster than the manual eye-scanning in th
sion and hence significantly reduces the emulsion-scanning load. The image-analy
cedure started by reconstructing clusters defined as sets of pixels adjacent to eac
The parameters of clusters were evaluated as shown inFig. 4. The important parameters
be determined in the search for hyperfragments were centre position, best straight-
‘size’ (the number of pixels making up a cluster) and width. After the clustering, the im
analysis proceeded in four steps.

First, a procedure to search for track segments was applied. Black tracks were se
for in the whole region of 48 frames and shower tracks (including the scan-back track
searched for in the downstream 16 frames (110 µm), respectively, as illustrated inFig. 5. In
order to search for shower tracks, pairs of frames, seven frames apart were formed
frames define planes at a distance of 52 µm. Eight such consecutive pairs were for
cover the sixteen frames downstream of the primary vertex. Between each of these
planes, straight lines were defined by choosing each possible combination with one
on either frame. The number of consecutive clusters on or close to the line was co

The best-fit line was then obtained using these clusters and the standard deviation (σd)
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Fig. 5. Schematic view of track-segment search. In this figure, six lines are formed by combining one of
clusters in frame number 48 and one of the three clusters in frame number 41. It is recognized that onl
the six lines is a real track by counting the number of clusters on the line (indicated as thick line). The se
repeated in the same manner for the next two frames (number 47 and number 40, and so on).

of distance of clusters from the line was evaluated. A straight line was accepted a
segment when it contained at least six clusters each positioned on different fram
when theσd was smaller than 0.5 µm. The procedure to recognize black tracks was s
Track segments with length greater than 40 µm (penetrating at least 6 frames) were s
for in the whole region of 48 frames accepting clusters with size greater than 20 pixe

As a second step, the primary vertex was reconstructed in a fiducial volume whic
enclosed by planes 10 µm inside the edge on the sides, and 40 µm downstream a
beam direction from the surfaces of the view as shown inFig. 6. In this analysis, all track

segments irrespective of whether they were shower tracks or black tracks were used. Posi-
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Fig. 6. Schematic view of the primary vertex search. The white area indicates the fiducial volume and the
lines denote the extrapolation of track segments. In case (a), left, the primary vertex is uniquely determin
number of tracks forming the vertex denoted by A is maximum. (b) In case more vertices have the same
of tracks as the vertex as indicated by A, the one with the minimum impact parameter is defined as primary
(c) In case no trial vertex is found, the point labeled A where the scan-back track is close to a cluster of la
is defined as primary vertex.

Table 3
Results of the image analysis

Events

Events analysed (1µ events) 74 454
Found primary vertex candidates 25 257
Found candidate black track 10 524
Surviving after emulsion check 262

tions with distance of closest approach less than 2 µm between each combination o
segments were defined as trial vertices. Track segments passing close to the trial
were attached to these. The most probable primary vertex was determined by choos
one with the maximum number of tracks and with the smallest average impact para
of the tracks to the candidate vertex. The average impact parameter was require
smaller than 1.5 µm. The procedure is illustrated inFig. 6. In cases where no such vert
was found, the point where a scan-back track was found to be within 2 µm of a cluste
size greater than 110 pixels was chosen as the primary vertex.

In total, 25 257 events with a primary vertex candidate were found as listed inTable 3.
The accuracy of the vertex candidate search was evaluated by using the eye-checked
of 1866 events which contained 1097 events with a primary vertex in the fiducial vo
The automatic procedure found 567 events with a primary vertex candidates in this s
Out of these 567 vertices 33 were fake, because no real vertex was found by the e
procedure. The distribution of deviations of the position of the primary vertex betwee
image analysis and the manual measurements is shown for the remaining 534 ev
Fig. 7. A total of 498 events out of 534 events were found within a tolerance of|�x| �
3 µm,|�y| � 3 µm and|�z| � 15 µm. The probability of finding a vertex by chance with
this region is 10−4 per event. The positions obtained by the image analysis were in

agreement with the manual measurements. The finding efficiency of the primary vertex in
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Fig. 7. Distribution of the position difference of the primary vertex between image analysis and manual m
ment.x (y) is parallel (perpendicular) to the scanning line of the CCD camera.z is the beam direction.

the fiducial volume within|�x| � 3 µm,|�y| � 3 µm and|�z| � 15 µm is estimated to b
(45.4 ± 2.1)%. Using these numbers, the number of actual primary vertices found i
fiducial volume by image analysis is evaluated to be(22.2± 1.0) × 103.

A search for hyperfragment decays was performed as a third step in the procedu
detection of hyperfragments required that at least one black prong coming from the p
vertex (‘candidate black track’) be picked up. These were searched for and divided in
categories: tracks reconstructed in three dimensions (3D track), and tracks observe
aligned cluster of pixels in one or only a few frames (2D track). The latter tracks cou
be reconstructed three-dimensionally. This situation occurs if the angle of the black
with respect to the beam direction is large.

For 3D tracks it was required that the distance (Dz) to the vertex in the beam directio
at the position of closest approach to the vertex be greater than 4 µm or that the
parameter (D) to the vertex projected on a plane perpendicular to the beam be greate
2 µm and less than 20 µm as shown inFig. 8(a). These requirements were imposed o
on tracks with an angle less than 1.0 rad. The clusters of 2D tracks were inspected
by-frame as shown inFig. 8(b). Clusters with size greater than 140 pixels (10 µm2) were
examined in the frames within a distance of 30 µm from the primary vertex along the
direction. The following selection criteria were applied:

• The width of the cluster was required to be greater than 2.5 µm.
• The impact parameter (Dmin) with respect to the vertex projected onto the frame w

within a 1.5 to 30 µm interval. The upper limit was applied to reduce random b

ground.



46 CHORUS Collaboration / Nuclear Physics B 718 (2005) 35–54

whether
d by B.

ed in the
ary

no can-
didate
tracks
r frag-
r
ult to
analy-
by eye
mon-

s were
f back-
check

ulsion
Fig. 8. Illustration of the hyperfragment search. For each black track found in the image it was determined
its extrapolation missed the primary vertex or not. The track with a significant impact parameter is denote
In (a) the procedure is shown for a 3D track, in (b) for a 2D track.

Because nuclear fragments were close to each other and their tracks not separat
vicinity of the primary vertex, a region with a radius less than 1.5 µm from the prim
vertex was excluded from the analysis.

Out of 25 257 events 14 733 events were removed from further analysis because
didate black tracks were found. For the remaining 10 524 events most of the can
black tracks were removed after inspection. They were recognized as background
with characteristics such as low-momentum curving tracks, scattering tracks, nuclea
ments coming from the primary vertex with aδ-ray, α-particle or heavier fragment, o
combinatorial background of black tracks not related to the event. Since it was diffic
recognize these as background with the off-line image analysis, the last step of the
sis, the ‘image-check’, was performed for these events. The images were checked
with an image viewer where the clusters of interest were colour-coded on a graphics
itor. The image check was done for 10 524 events in which the candidate black track
found. After having been recognized as belonging to the above-mentioned types o
ground 10 262 events were removed from further analysis. The results of the image
are summarized inTable 3.

4. Emulsion check procedure and selection of candidates

The 262 events selected by the image check were carefully inspected in the em

(i.e., directly under the microscope). One-prong decay topologies were excluded from the
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analysis because of the difficulty of identification as hyperfragments. The selected
were inspected for the following visual features:

• The number of prongs from the secondary vertex was greater than or equal
including at least one black track.

• The track connecting the primary vertex and the secondary vertex was black.
• The connecting track was not distinguished as black or thin in cases where th

ondary vertex was very close to the primary vertex with distance less than 5
because the vicinity of the vertices was obscured by tracks emitted from these.

A total of 33 candidates were found with their secondary vertex within a distan
50 µm from the primary vertex. For the candidate events, all tracks from the seco
vertices were followed to the end of their range or until they left the module (emu
stack), and the emission angle and the range of the tracks in the module were meas

Five out of 33 candidates were removed since they can be attributed to backg
processes as described below. Two events with a two-prong topology were consiste
nuclear elastic scattering. One three-prong event with a length of 3.6 µm was identi
�+

c → 
+π+π−(π0) with a subsequent
+ → nπ+ decay. In this event, the characte
istic π+ → µ+ → e+ decay chains of the twoπ+’s (one from�+

c decay and the othe
from 
+ decay) were observed and the measured topology was kinematically con
with �+

c decay. Two events were identified, respectively, as nuclear capture of a sloπ−
meson (σ -star) and a K− capture.

For 26 of the remaining 28 hyperfragment candidates, all decay prongs stop in the
sion and can be identified as protons or heavier nuclear fragments.Fig. 9shows an exampl
of one of the candidates. A kinematical analysis was performed to check whether the
were consistent with the hypothesis of a non-mesic decay at rest of a light hyperfra
(up toZ = 8). All the combinations of possible mass assignments were considered f
decay prongs. For each of these combinations, the visible momentum was evaluate
the direction and the range of the decay prongs, and, if not compatible with zero with
errors, a minimum number of neutrons was assumed to carry the missing moment
this analysis, no events interpreted as a decay into only charged particles were fou
ing the known values of the binding energy of the light hyperfragment species, the e
release was then evaluated and compared to the visible energy (corrected for the
energy where appropriate). In all cases except one, at least one combination was
to be compatible with the decay mode hypothesis if only one neutron was assume
remaining one was consistent with the decay hypothesis assuming two neutrons. No
fragment candidate with an energy release exceeding that for hyperfragments (176
has been found.

For two events in which one of the decay prongs escaped the emulsion modu
nature of the daughter particles could not be determined in the same way. Howeve
the kinetic energy of aπ− produced in a mesic decay is expected to be approxima
30 MeV [15] reflecting that of�0 decay, it is expected to be observed as a track wit
ionization around 1.7 times that of a minimum-ionizing particle (‘mip’) in the emuls
The two out-going tracks were observed to be grey tracks with ionization signific

exceeding 1.7 mip, thereby ruling out the assignment of aπ− from a mesic decay. The
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Fig. 9. An example of a hyperfragment candidate. (a) A frame of the image containing the primary verte
candidate black track is denoted by A. (b) Unprocessed CCD image. (c) General feature of the event (co
of several focal planes). The range of the connecting track is 6.1 µm.

general features of the hyperfragment events are summarized inTable 4and the range
distribution is shown inFig. 10(a).

5. Background estimation

Nuclear fragments from the primary vertex cannot cause the disintegration of a

nucleus at the end of their range because they have nearly zero energy. Decays of heavy
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Table 4
General features of hyperfragment candidates, whereNs, Ng, andNb are the number of shower, grey, and bla
tracks at the primary vertex, respectively,RHF the range of the hyperfragment,Np the number of prongs at th
secondary vertex andRprong the range of the daughter prongs

Event Primary vertex Secondary vertex

Ns Ng Nb RHF Np Rprong (µm)

51631132 5 1 4 2.5 3 157, 1097, 327
53673748 2 7 2.3 4 153, 139, 163, 1357
53834444 1 1 10 8.4 4 119, 300, 3042, 2506
56431728 4 3 14 3.1 2 3.7, 5817
60843716 3 1 10 4.9 2 829, 967
61413914 5 2 11 3.9 3 133, 201, 1084
61490764 7 6 3.3 3 62, 62, 86
62471849 9 3 17 7.4 5 7.0, 27, 179, 5500, 465
62710567 6 2 10 3.7 3 210, 92,> 1.14× 104 (out of module)
63830938 5 2 11 2.8 3 175, 461, 2021, blob
64261788 7 10 4.4 3 37.4, 235, 16438
64381436 5 11 44 4 2.3, 43, 138, 253
65454258 4 10 5.0 2 156, 181, blob
65941591 7 3 12 4.3 2 956, 655
66821530 3 12 8.7 2 7524, 1266
70231098 5 10 1.6 3 221, 393, 358
71371272 5 2 9 3.3 2 1833,> 4817 (out of module)
73660464 9 2 14 6.1 3 53.8, 241.9, 98.0
75779824 1 12 45 2 287, 318
76090364 9 8 8.4 3 112, 98, 236
76273799 5 2 39 3 2934, 64, 42
78480676 3 16 33 4 9.6, 140, 163, 788
79839619 7 1 12 5.6 3 379, 5043, 318
80331217 7 1 7 4.2 3 9422, 242, 49
81126567 3 4 5.6 3 15.0, 7.0, 492
81288152 2 1 6 11.0 4 519, 749, 582, 450
81430390 7 3 33 4 39, 17, 269, 404
81811986 2 4 6 35 3 23, 23, 126

fragments8Li → 8Be β−ν, 8Be∗ → 2α (so-called ‘hammer tracks’) can easily be dist
guished from other fragments by their characteristic feature. Twelve hammer track
found. Possible background sources to the superfragment and hyperfragment sea
σ -stars, secondary interactions by shower tracks producing black prongs and a sl�+

c
decay with grey or black decay prongs.

These background events can generally be distinguished from hyperfragments b
large amount of multiple scattering observed near the secondary vertex or a singly c
connecting track if their range is greater than 10 µm. In our analysis, oneσ -star and two
secondary interactions were found with rangeR within 10 µm� R � 50 µm. For shor
ranges (R � 10 µm) it is difficult to exclude these backgrounds. However, it has bee
ported in an early emulsion experiment using aπ− beam that no events interpreted
hyperfragments were observed below the threshold for�0 production[16]. Hence we ex-

pect that the background from candidates with short ranges is small.
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Fig. 10. Range distribution. (a) Hyperfragment candidates. The grey scale of the boxes shows the nu
prongs. (b) The range for tracks with secondary vertices identified as not being a hyperfragment decay.

The remaining background events are mostly slow�+
c decays. All hyperfragment can

didates except the one mentioned in the previous section were identified as not be�+
c

decay because each had more than two heavy prongs which stopped in the emuls
were distinguished fromπ and K. The range distribution of secondary vertices which w
identified as not being hyperfragments is shown inFig. 10(b).

The expected number ofσ -stars and secondary interactions with range less than 1
was estimated to be 0.25±0.25 and 0.30±0.07, respectively, assuming that the probabi
of these background events occurring is proportional to the track length. The total
ground expected in the hyperfragment candidate event sample is estimated to be 0.± 0.3.

6. Detection efficiency for hyperfragments

A comparison was made of the emulsion-checked images and the image ana
evaluate the efficiency of finding black tracks. The efficiency as shown inFig. 11depends
on the azimuthal angle because an image filtering was performed in the direction
scanning line of the CCD camera to eliminate non-minimum-ionizing tracks and to
mize the finding of shower (thin) tracks. The efficiency for the detection of hyperfragm
has been evaluated with a Monte Carlo simulation. The following effects were consid

• The distribution of the primary vertex position in the image.
• The deviation of the primary vertex position determined by the image analysis

the actual position as shown inFig. 7.
• The assumption that the hyperfragment was emitted isotropically from the pri

vertex.
• The assumption that each decay prong was emitted isotropically at the end of the

of the hyperfragment without correlation with the other prongs.

• The efficiency of finding black tracks as shown inFig. 11.
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Fig. 11. Black track finding efficiency. The plain histogram and the hatched histogram denote the angula
bution of all black tracks measured in the emulsion and of black tracks found by the image-analysis pro
respectively. Black circles indicate the efficiency. Left-hand figure: the efficiency as a function of the dir
cosθ (θ is the angle with respect to theν beam). Right-hand figure: the efficiency as a function of the azimu
angleφ. (φ is the angle with respect to the scanning line of the CCD camera.) The efficiency is low aro
degrees and around±180 degrees due to filtering as shown inFig. 3.

Fig. 12. (a) Detection efficiency for hyperfragments. The different lines show the distribution for the dif
number of prongs at the decay vertex. (b) Check of the efficiency evaluation. The black circles indic
distribution of the distance from the primary vertex as measured usingα-decays of radioactive contaminations
the emulsion. The histogram is the expected efficiency calculated with the simulation.

In Fig. 12(a) the result of the efficiency evaluation is shown as a function of ra
The calculated efficiency was checked by analysing ‘stars’ associated with five o
prongs with length around 30 µm which are expected to be due toα-decays of radioactive
contaminations like228Th. These are distributed uniformly in the emulsion. The den
was measured to be 4.32± 0.51 stars/mm3. These stars were also found as hyperfragm
candidates in the scanning stage of the image analysis.Fig. 12(b) shows the distribution o
distance from the primary vertex and the stars found by the image analysis. The calc

efficiency reproduces the measured distribution well.
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7. Results

A total of 28 non-mesic hyperfragments were found. The actual number of pri
vertices found by the image analysis was estimated to be(22.2±1.0)×103. The production
fraction of hyperfragments in neutrino–emulsion interactions is given by

σ(νµA → HFµ−X)

σ(νµA → µ−X)
=

∑
i

∑
j {Nexp

ij (HF)ε−1
ij �r}

Nexp(CC)

ε(CC)

ε(HF)
,

where:

• i is the number of prongs from hyperfragment decay,
• j is a range intervalrj andrj + �r ,
• N

exp
ij (HF) is the number of observed hyperfragments from which the average

ground is subtracted,
• εij is the average finding efficiency of hyperfragments with prong numberi and range

intervalj ; the weighted average efficiency for this sample is 0.55± 0.04,
• Nexp(CC) is the estimated number of primary vertices found by the image analy

the fiducial volume,
• ε(CC)/ε(HF) is the ratio of finding efficiencies for CC events to that for hyperfr

ment (HF) events and is estimated to be 0.87± 0.10. The finding efficiency of the
primary vertex depends weakly on the number of shower tracks as well as on the
ber of nuclear fragments (Nb) at the primary vertex. It is observed that the aver
Nb is larger for HF events than for CC events. The fact that the ratioε(CC)/ε(HF) is
different from unity is mainly due to the different distribution ofNb in HF events and
CC events. The error is evaluated from the standard deviation of theNb distribution
for HF events listed inTable 4.

The ratio of non-mesic hyperfragment production to the CC interaction cross-sec
determined to be

σ(νµA → HF(non-mesic)µ−X)

σ(νµA → µ−X)
= (

2.0± 0.4(stat) ± 0.3(syst)
) × 10−3.

This ratio is of the same order as the one for ss̄ associated production in other emulsion
periments[9,17]. The systematic error is due to the uncertainty in the efficiency of fin
a hyperfragment mainly in the region within a few microns from the primary vertex w
the tracks are not clearly visible and also due to the uncertainty in the distributionNb
for HF events.

Assuming that the distribution of the range of superfragments is the same as
hyperfragments and taking into account the average detection efficiency, the foll
upper limit for the ratio of superfragment production with respect to the CC intera
cross-section is obtained

σ(νµA → SFµ−X)

− < 1.9× 10−4 (90% C.L.).

σ(νµA → µ X)
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In this limit the 15% systematic error has been taken into account following the proc
of Ref. [18].

Since the�+
c production ratio to CC interaction is obtained to be(1.54± 0.35(stat) ±

0.18(syst)) × 10−2 [19], an upper limit for the ratio of superfragment production w
respect to�+

c production in CC neutrino interactions is determined to be

σ(νµA → SFµ−X)

σ(νµA → �+
c µ−X)

< 1.3× 10−2 (90% C.L.),

taking into account the systematic error of 30% including the additional uncertainty
�+

c production cross-section measurement following Ref.[18].
In our image analysis, the region close to the primary vertex with a radius less t

few microns is insensitive to the superfragment search. If we take into account the fa
the lifetime of a charmed particle is shorter than that of a strange particle and thus the
of superfragments is expected to be correspondingly shorter, the upper limits will b
stringent.

8. Conclusions

A systematic search for superfragments was performed in 22 200 neutrino–em
interactions. Limits of the ratio of superfragment production to the CC interaction c
section and to�+

c production in CC neutrino interactions were obtained. In the s
search, 28 hyperfragments were found. This is the first determination of the prod
ratio of non-mesic hyperfragments in neutrino–emulsion interactions.

It should be emphasized that, though the experiment was optimized for shower
and hence inefficient for black tracks, a systematic study of nuclear fragments pro
in the neutrino–nucleus interactions has been achieved for the first time with auto
image analysis and a statistically meaningful number of hyperfragments were de
This means that neutrino–emulsion interactions are expected to become very im
reactions for the study of superfragments. If the automated emulsion analysis syste
optimized for black tracks, the statistics of the measurement can be significantly incr
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