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ABSTRACT. The OPERA neutrino detector in the underground Gran Saaboratory (LNGS)
was designed to perform the first detection of neutrino ladiwhs in appearance mode through the
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study ofv,, — v; oscillations. The apparatus consists of an emulsion/lesget complemented
by electronic detectors and it is placed in the high energgobaseline CERN to LNGS beam
(CNGS) 730 km away from the neutrino source. Runs with CNG@&rim®os were successfully
carried out in 2007 and 2008 with the detector fully operalowith its related facilities for the
emulsion handling and analysis. After a brief descriptibthe beam and of the experimental setup
we report on the collection, reconstruction and analysiegaures of first samples of neutrino
interaction events.

KEYWORDS. Particle tracking detectors; Large detector systems &tigle and astroparticle
physics
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1 Introduction

Neutrino oscillations were anticipated nearly 50 years [d§dut they have been unambiguously
observed only recently. Several experiments carried otitérlast decades with atmospheric and
accelerator neutrinos, as well as with solar and reactdrines, contributed to our present under-
standing of neutrino mixing (see e.@] for a review).

As far as the atmospheric neutrino sector is concerned|emater experiments can probe the
same oscillation parameter region as atmospheric neutsiperiments 3]. This is the case of
the OPERA experiment that has the main scientific task of tise direct detection ob, — v;
appearance, an important missing tile in the oscillati@naco B—6].

OPERA uses the long-baseline (L =730 km) CNGS neutrino b&indm CERN to LNGS,
the largest underground physics laboratory in the world dhallenge of the experiment is to mea-
sure the appearance of from v, oscillations in an almost pure muon-neutrino beam. Theggfo
the detection of the short-livedlepton (a =87.11um) produced in the charged-current (CC) in-
teraction of av; is mandatory. This sets two conflicting requirements: adaagget mass to collect
enough statistics and an extremely high spatial accuracigerve the short-lived lepton.

The 1 is identified by the detection of its characteristic decgyotogies either in one prong
(electron, muon or hadron) or in three-prongs; its shorkiria measured with a large mass tar-
get made of 1 mm thick lead plates (target mass and absorlieriafginterspaced with thin nu-
clear emulsion films (high-accuracy tracking devices).sTdtector is historically called Emulsion
Cloud Chamber (ECC). Among past applications it was sutdbssised in the DONUT experi-
ment for the first direct observation of tle [8].

OPERA is a hybrid detector made of two identical Super Mosl(&M) each consisting of a
target section of about 625 tons made of emulsion/lead EC@utes (hereafter called “bricks”),
of a scintillator tracker detector (TT) needed to trigger thad-out and localize neutrino interac-
tions within the target, and of a muon spectrometer (figyreThe detector is equipped with an
automatic machine (the Brick Manipulator System, BMS) #illdws the removal of bricks from
the detector. Ancillary, large facilities are used for tlandiling, the development and the scan-
ning of the emulsion films. Emulsion scanning is performethwivo different types of automatic
microscopes: the European Scanning System (E£3)] and the Japanese S-UTSHI].
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Figure 1. View of the OPERA detector; the neutrino beam enters frogri¢ft. The upper horizontal lines
indicate the position of the two identical supermodules {Sifid SM2). The “target area” is made of walls
filled with ECC bricks interleaved with planes of plasticrddlators (TT). Arrows show the position of the
VETO planes, the drift tubes (PT) pulled alongside the XP€ magnets and the RPC installed between the
magnet iron slabs. The Brick Manipulator System (BMS) ig afisible. See§] for more details.

A target brick consists of 56 lead plates of 1 mm thickneserieaved with 57 emulsion
films [12]. The plate material is a lead alloy with a small calcium emtto improve its mechanical
properties 13]. The transverse dimensions of a brick aregt210.2 cn? and the thickness along
the beam direction is 7.9 cm (about 10 radiation lengthsk fricks are housed in a light support
structure placed between consecutive TT walls. More detailthe detector and on the ancillary
facilities are given in ).

In order to reduce the emulsion scanning load the use of Gadohg Sheets (CS) film inter-
faces [L4], successfully applied in the CHORUS experimeld][ was extended to OPERA. Tightly
packed doublets of emulsion films are glued to the downsttiaam of each brick and can be re-
moved without opening the brick. The global layout of bri€ks and TT is schematically shown
in figure 2.

Charged particles from a neutrino interaction in the brigss the CS and produce a signal in
the TT scintillators. The corresponding brick is then ectied and the CS developed and analyzed
in the scanning facilities at LNGS and in Nagoya. The infdioraof the CS is then used for a
precise prediction of the position of the tracks in the maststream films of the brick, hence
guiding thescan-backvertex finding procedure.
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Figure 2. Schematic view of two bricks with their Changeable Sheetstarget tracker planes.

A CC event reconstructed in emulsion is shown in the bottone(saof figure3. The dimen-
sions of the displayed volume are of the order of a few milteng to be compared with the10 m
scale of the whole event reconstructed with the electroeiedaors (top panels of figuB).

First neutrino data were collected by OPERA in 206pjith the electronic detectors alone,
and then in 2007 and 2008, for the first time with target briclkstalled. All steps from the pre-
diction of the brick where the interaction occurred dowre kinematical analysis of the neutrino
interactions are described in the following using as beraskra sub-sample of the statistics accu-
mulated during the CNGS runs. The procedure has proven tedoessful. We are presently in the
process of a quantitative evaluation of the different expental efficiencies that are involved in
the analysis procedure, profiting from the increasingstias of the reconstructed neutrino events.
The results presented in this paper are the first confirm#ti@nOPERA is able to accomplish its
task of selecting decay topologies in the emulsions frontgelaumber of interactions triggered
by the electronic detectors.

2 Real time detection of the CNGS beam

The CNGS neutrino beanT[was designed and optimized for the studygf— v; oscillations in
appearance mode by maximizing the number of\g Gteractions at the LNGS site. After a short
commissioning run in 2006 the CNGS operation started onegaper 2007 at rather low intensity.
The first event inside the OPERA target was observed on Oc8%beUnfortunately, due to a fault
of the CNGS facility, the physics run lasted only a few daysriBy this run 0082 x 10 protons
on target (p.o.t.) were accumulated with a mean value®k11.0'° protons per extractioh:this
corresponds to about 3.6 effective nominal days of running. 465 events on time weo®rded,
of which about 35 in the target region.

1The 400 GeV proton beam is extracted from the CERN SPS in tufipulses, with design intensity of2x 1013
p.o.t.
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Figure 3. Top panels: on line display of an event seen by the OPERAreleic detectors (top and side
views): av, interacts in one of the first bricks of the first supermodulgll$ielding hadrons and a muon
which is detected in both SMs and whose momentum is measyréttbmagnets of the two SMs. Bottom
panels: the vertex of the same event observed in the emdiia(top, side and front views). Note the two
y — ete™ vertices: the opening angle between them is about 300 mmacheisuring the energy of thes
one obtains a reconstructed invariant mass oft 80 MeV/c?, consistent with ther® mass.

A much longer run took place in 2008 wher782x 10'° protons were delivered on the CNGS
target with a mean value of 2 x 103 protons per extraction. OPERA collected 10100 events on
time and among them about 1700 interactions in the targaimedhe other events originated in
the spectrometers, the supporting structures, the rochsuding the cavern, the hall structures,
etc. The run featured a poor initial efficiency of the CERN pter, of about 40% until reaching
an average value of about 60%. In the last 6 weeks OPERA gatliee same number of events as
during the first 11 weeks. The 2008 CNGS integrated p.odnsity as a function of time is shown
in figure 4.

During the 2007 and 2008 runs all electronic detectors wpegational and the live time of
the data acquisition system exceeded 99%. More than 1@mélients were collected by applying
a minimum bias filter. The selection of beam related eveliesrapon a time stamp, based on the
time synchronization accuracy of 100 ns between the CERMB@RS tagging and the OPERA
timing system.

An automatic classification algorithm provides high efficig in the selection of neutrino
interactions inside the OPERA target both for CC and newtralent (NC) events at the expenses
of a slight contamination of neutrino interactions in théeemal material.

For the early 2007 run the algorithm selected 53 events ashpp®ccurring inside the target
while expecting 50 including a contamination from neutrinteractions outside the target eval-
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Figure 4. Integrated number of protons on target (p.o.t.) as a fanadf time for the 2008 CNGS run
(June-November).
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Figure 5. Left: momentum distribution of muons produced in CC netiinteractions inside the OPERA
target. Right: angular distribution of the muon tracks ia #ertical (y-z) plane with respect to the horizontal
(2) axis.

uated at 37% by Monte Carlo simulation. The low purity of tleéested event sample was due
to some sub-detectors still being in the commissioning @l to the incomplete filling of the

target. In the 2008 run 1663 events were classified as itii@nacn the target where 1723 were
expected with a contamination from outside events of only 7%

The muon momentum distribution for events classified as @actions in the target is shown
in the left panel of figures. The distribution of the muon angle in the vertical (y-z)r@awith
respect to the horizontal (z) axis is shown in the right pahébure5; the beam direction angle is
found to be tilted by 58 mrad, as expected from geodesy.

An extensive study of the beam monitoring is being perfortmgdsing neutrino interactions
both in the whole OPERA detector and in the surrounding roakenmal. This will be the subject
of a forthcoming publication.



3 Combined analysis of electronic detectors and nuclear entgion film data

We describe in the following the breakdown of the differetefps carried out to analyze neutrino
interaction events from the identification of the “fired”dkiup to the detailed kinematical analysis
of the vertex in the emulsion films.

Before that we recall the procedure to obtain triggers from ¢lectronic detectors. Their
data are actually acquired in trigger less mode since the oet of the front-end electronics is
asynchronous with the data time stamped with 10 ns clock. Wirmim bias filter is applied at the
level of sub-detector in order to reduce the detector nolgee event building is then performed
by collecting all the hits in a sliding time window of 3000 na cellular automaton algorithm
reconstructs off line the tracks independently in the twajgutions. The two longest projections
are merged to form a three dimensional track. Finally the erttom and the slope of the 3D tracks
at the production vertex (starting point) are reconstidigtéh a Kalman filter algorithm.

Once a trigger in the electronic detectors is selected t@beatible with an interaction inside
a brick the following procedure is applied]{

1. electronic detector data are processed by a softwaresguaotion program that selects the
brick with the highest probability to contain the neutrimberraction vertex;

2. this brick is removed from the target wall by the BMS andasqu to X-rays for film-to-
film alignment. There are two independent X-ray exposutesfitst one ensures a common
reference system to the CS film doublet and the most dowmstfiéa of the brick (frontal
exposure); the second one produces thick lateral markseobritk edges, used for internal
alignment and film numbering within the brick;

3. after the first X-ray exposure the CS doublet is detachau the brick and developed un-
derground, while the brick is kept in a box made of 5 cm thidhishielding to reduce the
radioactivity background;

4. if the CS scanning detects tracks compatible with thosenstructed in the electronic de-
tectors the second X-ray exposure (lateral marking) isoperéd and the brick is brought
to the surface laboratory. The brick is then exposed to aosayis for about 24 hours in
a dedicated pit in order to select high-energy cosmic muomsdvide straight tracks for a
refined (sub-micrometric) film-to-film alignment;

5. the brick emulsion films are then developed and dispatthdte various scanning laborato-
ries in Europe and Japan.

The procedure described above has proven to be successfidn Axample, in figuré we
show the number of bricks extracted by the BMS per week, aboethundred. This is matched
by the 100 CS developed and scanned per week in the LNGS)(#aty Tono (Japan) scanning
stations.

Brick Finding and Changeable Sheet interplay. The efficiency for selecting the “fired” brick

is the convolution of several effects and measurementse Werdiscuss the two most important
ones, the Brick Finding procedure and the Changeable Shessturement, for which preliminary

results have been obtained from the analysis of partial Esngb already scanned events.
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Figure 6. The number of bricks extracted per week by the BMS in 2008.

The brick finding algorithm exploits the tracking capalslt of the OPERA electronic detec-
tors and, by combining this information with the output of auxal Network for the selection of
the most probable wall where the interaction occurred, iges/a list of bricks with the associ-
ated probability that the interaction occurred therein. réliminary estimate of the brick finding
efficiency, limited to the extraction of the first most prolebrick (for about 700 events) and
not considering the small fractior<(5%) of events for which the present electronic detector re-
construction fails, is compatible with the Monte Carlo estte of 70% computed for a standard
mixture of CC and NC events. A higher efficiency can be obthlmeextracting also bricks ranked
with lower probabilities.

The tracking efficiency of single emulsion films can be meadury an exposure to high-
energy pion beams and amounts to about 908k [However, the measurement of the CS doublet
efficiency in situ, in the OPERA detector, is by far more obadling, given the coarse resolution in
the extrapolation of tracks from the electronic detectorthe CS.

At present, we are studying the CS tracking efficiency by maependent approaches: (a) all
tracks produced in already located neutrino vertices dlewed downstream and searched for in
the corresponding CS doublet; (b) muon tracks reconstiungehe electronic detectors and found
in the CS are properly normalized to the total number of COievevhere at least one track (not
necessarily the muon) is found in the CS. The two methodd gigreliminary efficiency for finding
a track in both films of the CS doublet which is compatible vifie conservative expectation of
90% on a single film10]. The experimental efficiency has been evaluated on a saofidlé0
events scanned in both the European and the Japanese daiegratVe are presently working in
order to further increase this efficiency by employing mateasmced analysis techniques.

So far, 1248 first and 134 second extracted CS have been adadyrl 79% of the events
have at least a track found that can be extrapolated ancheebfar in the ECC brick. In order to
evaluate the brick finding efficiency from this raw number, steuld carefully evaluate fiducial
volume effects, the percentage of interactions in the dea@nial and so on. Nonetheless, aiming
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Figure 7. Schematic view of the volume scan performed around thestggpoint of the track.

at the highest possible efficiency, we are also thinking ofawing additional bricks in case the
event would not be found using the first 2 CS.

Vertex analysis. All tracks measured in the CS are sought in the most dowmstféias of the
brick and followed back until they are not found in three @mngive films. The stopping point is
considered as the signature either for a primary or a secpndéaex. The vertex is then confirmed
by scanning a volume with a transverse size of # fan11 films in total, upstream and downstream
of the stopping point (see figu®. The vertex location analysis of some of the events found in
the CSis still in progress. Under the two extreme hypoth#dsssnone or all the events still under
analysis will be found the vertex location efficiency rangethe intervals 90%-95% and 74%-83%
for CC and NC , respectively. These preliminary estimatethefvertex location efficiency are in
agreement with the Monte Carlo expectations of 90% and 80% @and NC events, respectively.

The track impact parameter distribution of the muon in COhevevith respect to the recon-
structed vertex position and the event track multiplicitgtidbution are shown in figur8. As
expected, the impact parameter distribution is peakedratazel has a mean value of 2if. The
multiplicity distribution shows the anticipated enhanegns for even track numbers due to the
preferred interaction of neutrinos with neutrons.

As an example, in figure8 and 10 we show a NC and a CC event, respectively, fully re-
constructed in the brick. A very “peculiar” event is showrfigure 11: the neutrino interaction
occurred in the bottom layer of an emulsion film. Therefohe &ssociated nuclear fragments
(large angle heavy ionizing tracks) are also visible in the &ontaining the vertex.

Decay topologies. Charm production and decay topology events have a greatriamue in
OPERA for two main reasons. On the one hand in order to cdtiyobservation of events
one should prove the ability of observing charm events aettpected rate. On the other hand,
since charm decays exhibit the same topology a®cays, they are a potential source of back-
ground if the muon at the primary vertex is not identified (8gere 12). Therefore, searching for
charm-decays in events with the primary muon correctlytified provides a direct measurement
of this background.
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Figure 9. Top panels: online display of one NC event seen by the OPHB#renic detectors. The regions
filled with bricks are highlighted. Bottom panels: emulsieconstruction top view (bottom left), side view
(bottom center), front view (bottom right).
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Charm decay topologies were searched for in the sample afddaeutrino interactions. Two
events with charm-like topologies were found. From the meotinduced charm-production cross-
section measured by the CHORUS experimé@} about 3 charged-charm decays are expected to
be observed in this sample.

The event in figurel3 has high track multiplicity at the primary vertex and one lué scan-
back tracks shows a kink topology. The measured decay angledimrad and the flight length
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Figure 10. Top panels: online display of one CC event seen by the OPHB#Arenic detectors. Bottom
panels: emulsion reconstruction top view (bottom leffjesriew (bottom center), front view (bottom right).

of the decaying patrticle is 324#m. The decay occurred in the third lead plate downstreameof th
interaction plate. No large angle tracks are produced atdhbay vertex. This allows to further rule
out the hadronic interaction hypothesis. The muon tracklamdharm candidate track lie in a back-
to-back configuration¢ ~ 165’) as one would expect for charm productidiY]. The daughter
momentum, measured by using the Multiple Coulomb Scatdenhnique 18] is 3.9:1):5 GeVic

at the 90% C.L. Therefore, at the 90% C.L. the transverse mameranges between 610 MeV/c
and 1140 MeV/c.

The daughter particle being a hadron, we computed the piltbabat a hadron interaction
mimics a hadronic charm decay. According to the FLUKA Montl€ [19] the probability that
a hadron interaction mimics a charm-decay with transversmentum larger than 610 MeV/c is
only 4x 10~4. We stress that the actual selection and background m@jgatocedure we will apply
to the events in order to select signal decay topologieistibject of detailed studies that we are
conducting with the use of simulated events and real data.

The second charm-like topology is shown in figd#e A 4-prong primary vertex is observed
originating at a depth of about 30m in the upstream lead plate. The charmed hadron track points
to a 3-prong decay vertex located at a distance of 1Liri@rom the primary vertex (200m inside
the lead). All tracks have a clear CS tag. The interactiougcdownstream in the brick and the
tracks only cross four emulsion films and the CS doublet (th® rnost downstream hits in the
figure). The muon track and the charm candidate track lie iack4bo-back configuration\p
~ 150°). The Lorentzy of the charmed parent has been roughly estimated as theséneéthe

—10-
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Figure 11. Display of the OPERA electronic detector ofvg CC interaction, top and side views. The
emulsion reconstruction is shown in the middle panels: tewv\(left), side view (center), frontal view
(right). The dashed line shows a track that has been vatidanually. Bottom left panel: picture of
the interaction vertex as seen by the microscope CMOS canTdra nuclear fragments produced in the
interaction are visible. Bottom right panel: picture talkdout 200 micron far from the interaction vertex.
The minimum ionizing particles produced in the interactoa indicated by a circle. The muon track is also
indicated.

average angle in space that the daughter tracks form wigdjit [This leads to g value of about
8.6, implying a parent high momentum ef 16 GeV/c (assuming thB*™ mass). The momenta
of the daughter tracks have also been measured by extrabéndownstream brick and using
the Multiple Coulomb Scattering technique. The measurddegaarep; =2.43, p,=1.3"9%
andps= 1.2Jj(1):471 GeV/c (transverse momenta of about 610, 90 and 340 MeV/al tabmentum:
4.8:2)35 GeV/c), at the 90% C.L. The probability of a hadron intem@cthas been evaluated using
FLUKA and amounts to 1CF. Assuming &b — Kt decay, an invariant mass of Igﬁ GeV/&

—-11 -
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Figure 12. Schematic view of the charm and tau decay topologies.

is obtained. On the other hand assumirigsa— KK mdecay an invariant mass of 18514 GeV/Zis
derived. In the latter case the invariant mass is consigtightthe mass of a charmed hadron while
in the first case the consistency is marginal. The probglufia decay in flight of & is about 10°3.

4 Conclusions

The 2007 and 2008 CNGS runs constitute an important milestmnthe LNGS OPERA experi-
ment searching fov, — v; oscillations. Initial samples of neutrino interaction etgehave been
collected in the emulsion/lead target and allowed to chéekdomplete analysis chain starting
from the trigger down to the neutrino vertex location in timeuésions and to the topological and
kinematical characterization of the event.

In this paper we reported on the capability in performing aline identification, extraction
and development of the bricks where the neutrino interaabiccurred, vertex location and kine-
matical reconstruction. The overall performance of theeeixpent during the running phase and
through the analysis chain can be summarized by stating that

e all electronic detectors performed excellently allowihg precise localization of the brick
hit by the neutrino;

e the electronic detector event reconstruction was tunebedotick finding procedure which
operated for the first time with real neutrino events prawidgood results;

e all experimental activities from brick removal upon idéctition to the X-ray and cosmic-
ray exposures, brick disassembly and emulsion developiawt been successfully accom-
plished. At present more than 100 bricks per week can ben@ythandled;

e the scanning of the Changeable Sheets can be performedheitixpected detection effi-
ciencies;

—12 —
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Figure 13. Online display of the OPERA electronic detector o¥,acharged-current interaction with a
charm-like topology (top panels). The emulsion reconsioacis shown in the bottom panels where the
charm-like topology is seen as a track with a kink: top vieat{dm left), side view (bottom center), frontal
view (bottom right). The dots visible in the left and rightler panels are due to an electromagnetic shower.

e vertex location was successfully attempted for both CC a@deMents;

¢ the topological and kinematical analyses of the verticeewaccessfully exploited and led
to an unambiguous interpretation of neutrino interactiolmsparticular two events with a
charm-like topology were found so far in the analyzed samphes is fully consistent with
expectations based on the known neutrino-induced charduption cross-section.

The results presented in this paper are the first confirmatianOPERA is able to accom-
plish its task of selecting decay topologies in the emulsitstom a large number of interactions
triggered by the electronic detectors and that the scendéas set for the discovery of ap-
pearance. Detailed studies currently in progress with lsited events and real data will allow
to assess the experimental efficiencies, backgrounds asitigity; this will be the subject of a
forthcoming publication.
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