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Abstract

A first analysis of the complete set of data collected by CHORUS in the years 1994-1997 is presented. The search
for v, charged current events has been performed for both leptonic and hadronic decays Eptom. Nor

candidate has been found.i4, — v, mixing is excluded down t@in’20,, = 6.8 x 10~* for large Am?
(90% C.L.).

To be published on Physics Letters B



1 Introduction

CHORUS is an experiment designed to search fo&/\1 e
vy — v; oscillation through the observation of charged ¢
current interactions, N — 7~ X, followed by the ;210 :
decay of ther lepton. The search is sensitive to very ~ =
small mixings if the mass difference is of the order of ag 0 3
few eV or larger. In a scheme where the mass difference’; g 2
is essentially coinciding with the, mass, the latter be- S
comes a good candidate for the hot component of thé>!0
Dark Matter of the Universe. This consideration consti-i% 1 i

tutes the main motivation of the experiment. T
The experiment was performed in the CERN Wide 10
Band Neutrino Beam, which contains maimly with a ~2f

contamination of, well below the level of sensitivity ;
that can be reached by this experiment. Neutrino inter-m_s’ o
actions occur in a target of nuclear emulsions, whose
spatial resolution (below one micrometer) allows a three
dimensionaVisualreconstruction of the lepton and its

decay products. The experiment is sensitive to most of

the decay channels of the . ] .
The Collaboration has already reported [1, 2] IimitF igure 1:Energy specira of the various components of

onv, — v, oscillation obtained from an analysis of :ﬁw neutrino beam (MonteCarlo simulation)

subsample of neutrino interactions. In this paper we de-
scribe in more detail the results of an analysis extendfti

to the dat | llected in the f f de: The apparatus
0 the data sample coflected In the four years ol d&'a A schematic picture of the CHORUS apparatus is

taking (1994-1997). The present analysis is not the g'ﬁown in Fig.2

nal one. In a second phase the sensitivity will be further o
improved.

2 The eXperimental Setup EMULSION TARGETS

AND FIBRE TRACKERs HIGH RESOLUTION
I CALORIMETER

HEXAGONAL
MAGNET

2.1 The neutrino beam
The West Area Neutrino Facility (WANF) of the |
CERN SPS provides an intense beamvpfwith an av-
erage energy of 27 GeV, well above theproduction BRAN I
threshold £,= 3.5 GeV). The neutrino beam, besides ... I
the v, component, also contains small fractionsxf Y L
Ve, Ue. Fig.1 shows the spectrum of the various beam ﬁ U
components, as resulting from a complete simulation of |- seone_____ TRACKERS
the beam, starting from the interaction of the primary
protons. Th&,,, v. andr, contents aré.6%, 0.9% and
0.2% respectively. The figure also shows the tiny con- Figure 2:General layout of the detector
tamination of prompt... Its contribution to the back-
ground to the oscillation searchis discussed in section 8. The hybrid setup, described in detail in Ref.[4], is
Itis worth mentioning that the CHORUS detector igomposed of an emulsion target, a scintillating fiber
capable of a direct measurement of the spectral shagggker system, trigger hodoscopes, a magnetic spectrom-

and of the relative abundances of the two main comter, a lead-scintillator calorimeter and a muon spec-
ponents of the beam. In fact, the apparatus includeggmeter.

large mass calorimeter followed by a muon spectrom- The nuclear emulsions act as the target and, simul-
eter (degcrlbed in de'ta|l in the ngxt section). Bes'dﬁneously, as detector of the interaction vertex and the
neutrino interactions in the emulsion target, data weggcay point of the- lepton [5]. The total mass of the
also collected using the calorimeter as a neutrino tggrget is 770 Kg. The emulsions are subdivided in 4
get. The calonmeter allows a high resolution measuligacks of 36 plates, oriented perpendicularly to the beam
ment of hadronic showers. The spectrometer followinghq with a surface of .44 x 1.44 m2. Each plate is
the calorimeter provides the reconstruction of the mugigde of a 9Qum transparent plastic film with 350m

and a precise measurement of its momentum. The an@liiuision sheets on both sides. The nuclear emulsion
sis of the neutrino interactions in the calorimeter has @étrget is equipped with a high resolution tracker made
lowed the cross-checking of various features of the Mgt of planes of emulsions and of planes of scintillating
simulation. In particular, agreement at the 10% level fipers. Each stack is followed by three special interface
found on the relative,, /v, fluxes [3]. emulsion sheets: two Changeable Sheets (CS), close to




the fiber trackers, and a Special Sheet (SS), closeirttensity which corresponds @06 x 10'° protons on
the emulsion stack. The sheets have a plastic basdanfiet (pot). The data acquisition system recording the
800 um coated on both sides HY0 xm emulsion lay- response of the electronic detectors was operational for
ers. 90%of the time. The average dead time for the emulsion
Eight planes of trackers of scintillating fibersnteraction triggers was2%. The trigger efficiency was
(500 um diameter) [6], interleaved between the emu®9% for charged current (CC) and 90for neutral cur-
sion stacks, reconstruct the trajectories of the chargedt (NC) events [10].
particles with a precision of50 pym in position and
2 mrad in angle at the surface of the CS. The layout &f Principle of analysis
an emulsion stack is sketched in Fig.3. The search for, interactions has been performed
for the following two decay modes of thelepton:
1) 7 = v,
(2) 7 —h (na)r,
Both decay modes give rise in the emulsions taiak
topology: a track from the neutrino interaction vertex
showing a change in direction after a short path (of the

@ lies|
TARGET EMULSION STAGK \/ NV order of 1 mm at the energies typical for this experi-

(36 Emulsions plates) FIBER TRACKERS
INTERFACE EMULSION SHEETS ment) .

The information of the electronic detectors has been
used to define two data sets, the and 0u samples,
Figure 3:Layout of an emulsion stack and associatetistinguished by the presence or absence of one recon-
fiber trackers structed muon of negative charge. For each sample few
kinematical selections are applied to reduce the scan-
Downstream of the target region, a magnetic speeing load, while keeping a high sensitivity to the two
trometer performs the reconstruction of charge and nidgcay modes of the. For the selected events, the track
mentum of charged particles. An air-core magnet [7] tfjectories reconstructed in the fiber trackers are used
hexagonal shape produces a pulsed homogeneous fielguide the scan in the pair of changeable sheets im-
of 0.12 T. Field lines are parallel to the sides of theediately following the stack containing the interaction
hexagon and the magnetised region extends for a deygiitex. The tracks are then followed in the special sheet
of 75 cm in the direction of the beam. The tracking b&nd then in the target emulsion stacks where the search
fore and after the magnet is performed by a high resofa+ the 7 decay is performed. In the next two sections
tion detector made of scintillating fibersoQ ;m diame- we give some detail on the selection of the two data sets,
ter) and complemented with few planes of electronic dée 1, and0x, and then we describe the scanning of the
tectors (streamer tube chambers in the 1994, 1995 &maulsions.
the beginning of 1996 runs, honeycomb chambers [8]
afterwards). The resulting momentum resolutizp/p 5 Data selection
is 30% at 5 GeV. The events kept for the analysis in the emulsions
In addition to the detection elements described abave those for which the scintillating fiber trackers allow
the air-core hexagonal magnet region has been equipp@gk reconstruction and the determination of the inter-
with emulsion trackers for the 1996 and 1997 runs. Tketion vertex position, with the reconstructed vertex po-
aim was to perform a more precise kinematical analysigion lying in the target emulsions. The event must con-
of ther decay candidates. tain at least one negative track, as a possible decay prod-
A 100 tonspaghetticalorimeter (lead and scintil-uct of ar. Note that events with only one reconstructed
lating fiber [9]) follows the magnetic spectrometer aniiack were also kept, with the vertex position assumed
measures the energy and direction of electromagndtide in the middle of the emulsion stack immediately
and hadronic showers. preceding the first plane of fiber tracker hit. The sam-
The calorimeter is followed by a muon spectromeple contains a few percent contamination of events with
ter made of magnetised iron disks interleaved with pla$e reconstructed vertex wrongly assigned to the target
tic scintillators and tracking devices. A momentum resmulsion, while the interaction actually took place in the
olution of 19% is achieved by magnetic deflection fosurrounding material.
muons with momenta greater than 7 GeV. At lower mo-
menta, the measurement of the range yield$aeso- 5.1  Thelu events

U/Beam
— -

lution. An event belongs to they, sample if it contains one
reconstructed muon track of negative charge. The muon
3 Data collection identification and reconstruction is based on the muon

During the 4 years of operation the emulsion targepectrometer response. Muons not reaching the spec-
has been exposed to the neutrino beam for an integratedneter can in some cases be identified in the calorime-



ter. Momentum and charge are then measured, with loads has to be smaller than 0.4 rad. In view of the large

precision, by the air-core magnet (for stopping muohsckground of muons originating from a nearby sec-

the momentum is obtained from the range). ondary beam, tracks at an angle smaller than 0.05 rad
The efficiency for selecting CC events is abou#B0from the direction of this beam are also excluded (this

and is the product of the efficiency for muon identifiselection was only applied on 1994 and 1995 data when

cation and that of the track and vertex reconstructitiee secondary beam was run at high intensity).

algorithms. Note that part of the inefficiencies are due After all selections thé and thedu data sets eligi-

to events where the muon track, though correctly identite for emulsion scanning consist of 477,600 and

fied in the muon spectrometer, does not match with th@2,400 events respectively. The events sent to the auto-

required precision the track reconstructed in the fiberatic scanning procedure — described in the next section

trackers. Failures in the tracks and vertex reconstructierare fewer (355,395 and 85,211 respectively), mainly

are mainly due tar®’s overlapping the tracks of chargedecause of fiducial volume cuts imposed by the scan-

secondaries. ning technique and of the bad quality of a few emulsion
The resultingl x sample consists of 713,000 eventgplates.

The data set to be analysed for the search decays The different stages of the reconstruction and selec-

was defined by the requirement that the event contati® procedure are summarised in Table 1.

only one muon, with negative charge and momentum The reconstruction inefficiencies, as well as those

smaller than 30 GeV. The 30 GeV selection reduces bsiginating from the trigger, are well understood and re-

29% the number of events to be scanned. The effect produced by detailed MC simulations, both for the 1

possibler, interactions depends on the oscillation pand the @ data sets.

rameters: the selection would rejaét; of thewv.. inter-

actions if thev had the same energy spectrum asthe 6 Scanning procedure

The actual loss in sensitivity is, however, much smalléd,1  Vertex location

since a high energy muon implies most of the times a The emulsion scanning procedure s fully automated

decay angle too small to be detected. using computer controlled microscopes equipped with
CCD cameras and fast processors. The processor, which
5.2  TheOu events is calledtrack selector[11], is capable of identifying

The O sample contains events where no muon isacks inside the emulsions, measuring their parameters
found. Events are selected if tracks have been recon-line.
structed by the scintillating fiber trackers and the recon- The location of the plate containing the interaction
structed vertex position lies in the target emulsions. vertex is based on the following back of the selected

This sample consists of 335,000 events, with a calegative tracks, assumed to be ttiaughters. The track
culated contamination of about 140,000 misidentified first located in the interface emulsion sheets (CC and
CC interactions and about 20,000 interactions generag&®) with a search initially based on the track
by neutrinos other tham,. Out of this sample we selectparameters measured by the scintillating fiber trackers.
for the emulsion analysis events with at least one tragkirack which is found in the interface emulsion sheets
corresponding to a particle of negative charge and nis-followed upstream in the target emulsion stack, us-
mentum inthe 1 to 20 GeV interval. The lower bound réag track segments reconstructed in the most upstream
duces the large amount of low energy particles from sd@®0 pum of each plate, until it disappears. The corre-
ondary interactions oy conversions. The upper boundponding plate is defined as the vertex plate, since it
is dictated by the poor momentum resolution at highshould contain the primary neutrino vertex or the sec-
energy. A reliable momentum reconstruction has beendary (decay) vertex, or both, from which the track
obtained keeping only tracks which traverse the hexagwiginates. The three most downstream plates of each
nal air-core magnet without crossing any of its six spokstack are used to validate the matching with the inter-
so avoiding large multiple scattering. The momentuface emulsion sheets and are not considered as possible
fit requires the presence of hits in all the tracking elkertex plates. The efficiency of this scan-back procedure
ements: the planes of fiber trackers and the chambisralmost independent from the track momentum and an-
downstream of the air-core magnet (streamer tubesgbe.
honeycomb chambers, depending on the running peri- The number of located events is given in Table 1,
ods). The number of tracks per event selected for theparately for thedand Q: samples. For theu sample

kink search may be larger than one. a second number, given in brackets in the table, repre-
sents the events actually used for the decay search. This
5.3  The final samples number is smaller than the number of located events be-

The negative track, hadron or muon, selected asause, after the reprocessing through an updated version
candidate forr daughter has to satisfy further requiresf the reconstruction program, a fraction of the located
ments. To allow the good functioning of the automatievents failed to pass the kinematical selections.
scanning systems, the angle of the track with the beam As confirmed by a detailed simulation of the scan-



Table 1:Data flow chart

| Protons on target 5.06 x 10T
1u: events with 1 negative muon and vertex predicted in emulsioi13,000
1u: p, < 30 GeV and angular selections 477,600
1u: events scanned 355,395
1u: vertex located 143,742
1.: events selected for eye-scan 11,398
Op with vertex predicted in emulsion (CC contamination) 335,000 (140,000
O with 1 negative tracky = 1-20 GeV and angular selections)| 122,400
Ou: events scanned 85,211
Ou: vertex located (corrected number after reprocessing) 23,206 (20,081)
Ou: events selected for eye-scan 2,282

ning, there is a difference on the average location effi:025 rad. In that case the vertex plate is assumed to
ciency for1yu (40%) andOp events (27%). The recon-contain the decay vertex of a charged parent produced in
struction of the muon in 1gvents is usually easier thara more upstream plate. The upstream part of the vertex
that of the hadron in@events because the latter is morglate is scanned in order to find a track crossing within a
often overlapping with other tracks from hadronic ansall tolerance, the direction of the daughter candidate
e.m. showers. This leads in the first case to more redis sketched in Fig.4. This method also works for events
able predictions of the track parameters, and hence talgere the decay vertex and the primary vertex occur in
higher location efficiency. Note that for the hadronic déhe same plate but on opposite sides of the plastic base.
cay of ther the vertex finding efficiency will be higherThe method provides abogi% of the total kink finding
than that found for/, NC interactions. In fact, com- efficiency. A total of 125,000 /1 events and all the 0

ing from the decay of the, the followed track will events have been analysed with this method. Candidates
generally be more isolated. The MonteCarlo simulatidar eye-scan from this search are 5,a@6and 1,823) ..

proaches the value found for thg gvents. of the1y data of 1995, and to 75% af: and0y data of
1996 and 1997. In this procedure, once the vertex plate
6.2 Decay search is located by the scan-back track, a search is performed

Once the vertex plate is defined, automatic micri! that emulsion plate for all other tracks reconstructed
scope measurements are performed to select the evB¥td€ fiber trackers. This scan allows a high precision
potentially containing a decay topology (kink). Differ€omparison of the impact parameter of the scan-back
ent algorithms have been applied as a result of tfack with respect to the vertex in emulsion defined by
progress in the scanning procedures and of the imer"v@ other tracks. The method extends the sen_smwty to
ing performance in speed of the scanning devices. THBaller values of the decay path of thand contributes

data can be subdivided in three sets according to {ReaPoutl5% of the total kink finding efficiency. Candi-
scanning methods: dates for eye-scan from this search are 624nd 183

- in the first procedure (applied to part of the 19991”'
data — mainlylp — and described in [1]) the event is
selected either when a significant minimum distance kg3 Eye-scan
tween the scan-back track and any other predicted track A computer assisted eye-scan is performed for all

is detected, or when the change in the scan-back tragk kink candidates selected during the automatic search.
direction between the vertex plate and the exit from thgye aim of the eye-scan is to confirm the presence of
emulsions corresponds to an apparent transverse MGsecondary vertex. An event is retained as ade-
mentum, pr, larger than 250 MeV. For the selecteday candidate if the secondary vertex appears as a kink
events and for those with only one predicted track, dig{ithout black prongs, nuclear recoils, blobs or Auger
tal images of the vertex plate are recorded and are angctrons. For the selected events the parent and decay
ysed off-line for the presence of a kink. The number gfyticie, as well as the other tracks coming from the in-
located events treated with this method is about 18,0@Qaction vertex, are accurately measured. The measure-
The numbers of events selected for eye-scan by the gimts are used for the final topological and kinematical
tomatic search are 5,768 for the and 276 for thé)u  selections designed to reject the residual background.
sample. The efficiency of these procedures, the evaluation of the

- the second procedure is applied to all other evenitgckground, and the choice of the final selections are
It is restricted to the search of decay angles greater trdascribed in the next two sections.



790 pm ticles originated by the interaction of a hadron in the
emulsion, the hadron having been produced in turn in
a neutrino interaction. The automatic scanning proce-
dure detects the secondary interaction with an efficiency
which is related in a simple way to the kink detection
efficiency. As a by-product of part of the decay search

scanback gpplied to the @ sample, 80 neutrino events with a sec-
" ondary hadron interaction have been detected. This re-
sult is in good agreement with the expected value of 84
computed with a MonteCarlo simulation. Although the
decay and interaction topologies have some differences,
the agreement constitutes a reliable check of the simu-
lation of the automatic scanning procedure.

VERTEX PLATE

8 Background evaluation and final selections
The basic requirements adopted to isolatéecay
candidates are a selectigi; larger than 250 MeV, on

Figure 4: Schematic view of the second decay seartli transverse momentum of the decay particle with re-
technique described in the text. The dotted lines indic&feect to the parent direction (to eliminate decays of

the cone around the scan-back track in which the sea¥8nge particles), and a maximum length for the decay
for the parent track is performed. path. For the muonic decay of the the kink must oc-
cur within five plates downstream of the neutrino inter-

action vertex plate. Because of the different background
sources, a more severe and complicated selection on the

7 Efficiency for the detection ofv, interactions  decay pattern has been applied to thesample. This

The efficiency for the detection af, interactions last selection will be examined after a discussion of all
has been split into two terms: the first one, the accgpssible sources of background.
tance4, is given by the efficiency of the reconstruction  An unavoidable background ig, — v, oscillation
of the neutrino interaction by the electronic detectoiscaused by the presence of promps in the neutrino
and of the location in the emulsions. It also includes theam. Calculations [13] show that it is small compared
few geometrical and kinematical selections applied big- other sources of background. For the statistics con-
fore scanning. The second term,.,., is the efficiency sidered in this paper it amounts to less than 0.1 events
of the kink detection in the emulsions, multiplied by thand has been neglected.
efficiency of the geometrical and kinematical selections Apart from this, the background is constituted by
applied once the kink is found. any event having a negative track undergoing a devia-

The error on the absolute value of the acceptariien of its trajectory in the emulsion target. To obtain a
is mainly due to the uncertainties on the reconstructiogalistic estimation of the number of events expected in
and location efficiencies. However, these uncertaintigssence of an oscillation signal, large samples of all the
affect in a similar way the acceptance farandv, in- known background processes have been simulated and
duced events. Therefore, their effect largely cancelspnocessed by the same reconstruction programs as the
the ratio ofobservedr; to observedy, events, used real data.
to compute the oscillation probability. More critical is  One source of background common to all the decay
the determination of;,, .. For that parameter an experichannels of the is due to charm production, namely:
mental check of the calculated value is possible by using e the production of negative charmed particles from
the data itself, as shown below. CC interactions of the anti-neutrino components

< not found & found track segment

The efficiencies for the signal and the background
have been evaluated from large samples of events, gen-
erated according to the relevant processes, passed
through a GEANT [12] based simulation of the detec-
tor response. The output was then processed through
the same reconstruction chain used for the data. The
response of the emulsion to charged particles was also e
simulated, so allowing the evaluation of the efficiencies
of each step of the scanning.

A partial test of the kink finding efficiency has been
carried out by studying hadron interactions. A small frac-
tion of the scan-back tracks are in fact secondary par-

of the beam. These events constitute a background
if the primaryu* ore* remains unidentified. Tak-
ing into account the appropriate cross-sections and
the branching ratios, we expectin the present sam-
ple 0.11 events in thel i, channel and.02 in the

Ow channel;

the production of positive charmed mesons in CC
interactions, if the primary lepton is not identi-
fied and the charge of the charmed particle daugh-
ter is incorrectly measured. In the present sample
the expected background amountsit@ events

for the O events. For tha . events the expected



Table 2:Summary table of the expected background events. The observed number of events is also shown, together
with the maximum number of. observable events (see text).
| | charm¢ +7) WK Total Observed N™* |

1p L; < 5 plates 0.1 - 0.1 0 5,014
Ly < 3 plates 0.7 26 3.3 4 2,791
O/L (Lk(ph,))so% 0.5 1.7 2.2 1 2,537
(Lx(pn))son and® . gy > 90° 0.3 08 1.1 0 2,004

background amounts to less than 0.03 events andry vertex and the kink point of three plates has been
has been neglected. The fact that this backgrourmmputed to be 2:60.8.

is much smaller in thé, sample is mainly due to This background can be further reduced by exploit-
the very low probability of a wrong measuremerinhg the difference of its kinematical properties with re-
of the charge in the muon spectrometer; spect to those of the signal. Several selections dn,

e the associated charm production both in CC afi@ve been considered: a simple cut at three plates, as
NC interactions, when one of the charmed pariid the past analyses, or selections dependent on the mo-
cles is not detected and, for CC events, the pfrentum of the scan back hadrgp, A better separation
mary lepton is not identified. The cross-sectiobetween signal and background is expected in the sec-
for this reaction due to the NC interaction hagnd case since the average decay length depends on
been measured with large errors [14], while fdhe daughter momentum while a flat behaviour is pre-
the charged current process only an upper limit¢cted for WKs. A useful quantity to reject background
available [14]. Within the present statistics the exevents is the angle, _ in the plane transverse to the
pected background amounts to less than 0.1 evergam axis, between the direction of the parent candi-
in total and has been neglected in this analysiate, measured in emulsion, and the hadronic shower
Note that we are currently analysing data on cha@xis. For trues; events this angle is close t80° while,
production and a direct measurement of the crogghen the particle with the kink is part of the hadronic
sections of associated charm production is beiggower as in the WK or charm cases, the angular distri-
carried out. bution is flatter, with more a preference fof.

For the decay into a single hadron the largest back- The optimisation of the selection has been done max-
ground rate is due to so-called hadronighite imising the sensitivity to the oscillation, by computing
kinks(WK), defined as 1-prong nuclear interactions witte average limit that would be obtained with the given
no heavily ionising tracks or other evidence for nucle&gt of selections, by an ensemble of experiments with
break up (blobs or Auger electrons). the same expected background and no expected signal.

A robust estimation of this background comes frorhhe most favorable choice turned out to be a selection
the study of WK events found during thekink search, on Ly retaining a fixed fraction of 8@ of the 7 signal
at a distance between primary and secondary vertex ddtall p» bins and the conditio®,_) > 90°. In Ta-
side ther signal region. A total of 26 events with thes®le 2 @a summary of the results of the background com-
characteristics were found over a total of 243 m of trag¥tation is reported. The table gives the calculated num-
length scanned back during the location procedure. & of background events and the number of observed
of these, 8 events have an apparent degalarger than €vents with various kinematical selections. In all cases,
250 MeV. The corresponding effective WK interactiofi® number of observed events is consistent with the ex-
length is24.0 + 8.5 m. A similar result for the back- Pected background. This shows, together with the relia-
ground expected before imposing the selectionpen bility of the backgrond calculation, the lack of any ev-
has been obtained by a preliminary analysis of the d#glgnce ofv, interactions. The chosen set of selections
collected by a dedicated experiment [15]. The expefiorresponds to zero observed events.
ment has performed WK measurements at CERN with The maximum of the sensitivity is obtained through
the same emulsion as CHORUS, using pion beams@§ompromise between low background and high effi-
fixed momentum (2 to 5 GeV). That analysis also su iency forv, detection. To illustrate that efficiency, the
gests that the background of events withlarger than last column of Table 2 also displayé™*, the number
250 MeV is partly due to the limited momentum resdf v- events which would be observed in case all inci-
lution and could therefore be reduced by improving tifnty,, had converted into. For thely sample this

precision of the momentum measurement. number is given by:
The ratio of WK events outside and inside the sig-
nal region has been determined with the help of a Mon- (Nmee),, = Nﬁ)f T TA - hine Bry (1)

teCarlo simulation, based on FLUKA [16, 17]. The WK
events expected within a distandsg,, between the pri- where:



Table 3:Efficiency for the decay detection and relative acceptance, for thecay modes contributing to the
sample

| decay mode | Br hink  TA | Br Xeégink X4 |
T —uv;h nh’ | 0495 0.11 2.89 0.157
T — Uple™ 0.178 0.05 2.21 0.020
T = v | 0174 010 0.69 0.012

- N{j’f is the number of locatetlu events (\f{j’f = the acceptance, is in this case differentifgrandv-, as
143,742) ; explained at the end of section 6.1.
-re =< 09 >/ < of¢ > is the neutrino In concluding this section, we recollect the final re-
energy weighted CC cross-section ratio. A valult of the search as displayed in Table 2. Ndecay
rs = 0.53 has been used; it takes into accousandidate is found, neither in tHe: sample nor in the
guasi-elastic interactions, resonance productibp sample, once the best set of selections is applied (last
and deep inelastic reactions; line of Table 2). The null observation is used to set lim-
-ra =< A, > / < A, > is the cross-sectionits on oscillation parameters. This is shown in the next
weighted acceptance ratio for. and v, inter- section.
actions.A, and A, take into account the effect
of geometrica_l and kinematical selec'gions applieg Limits on oscillation
before scanning and the reconstruction and loca- | imits on v, — v, andy, — v, oscillation have

tion efficiencies. The values of; is close t0 one peen computed on the basis of zero candidates as ob-

(ra = ,0'97); L served both in thé, and0p samples.
- erink iNcludes the efficiency of the decay search

procedure and that of the geometrical and kine- o o
matical selections applied after the kink is found-1 ~ Limits on v, — v oscillation _
Its average value is 0.39; Within a two flavours mixing scheme, the oscilla-

- Br,, = 17.4%is the branching ratio of the deca)}ion probability is written in the usual form:
T — VrUplh .
The formula givingV.*** for theOp sample is more
complicated because of the contribution of differentde- ~ Pur = sin*20,, - sin® <

1.27-Am? - L
7) (3)
cay modes of the. The expression is:

E

The average values éfandE,, are 0.6 Kmand 27 GeV
o loc respectively.
(N7 )op = Noji 7o - Z TA; - €kink; - Bri (2) For largeAm? values, when the energy dependent
=13 term of the probability averages to 1/2, the upper limit

. on the oscillation probability is obtained from the equa-
whereNéZC is the number of locate@}: events (20,081) tion: P y a

andr, is the same cross-section ratio appearingineq. I. -

The three decay modes which contribute to @hecat- N,

egory are ther decay in a negative hadron plus neu- P, < (Nraw) 1+ (Nen) (4)
trals:7 — v.h~nh?; the decayr — v,.e—, when the T u Tk

electron behaves similarly to a hadron (no early showerhere, in the absence of a signal, is the upper limit
ing); the decay- — v, 1™, for the fraction of events on the number of decay candidates (the derivation of
where the muon is not identified but is still selected ke upper limit will be discussed later in the text) and the
the Oy criteria. Table 3 displays the branching ratios @ivo N*** are defined in the previous section. When
these three channels together with the values.gf., Am? is comparable or smaller than ti/ L ratio the
computed for the final selection as defined in the lagpectrum of the., resulting from oscillation is modified
line of Table 2, and of 4. The interpretation of the val- by the energy dependentterm of eq. 3. Then, to compute
ues ofr4, the ratio of acceptances, is in this case nlimits on the oscillation parameters, appropriate integra-
straightforward. In fact, the acceptance fgy interac- tions are performed to take into account the effect of
tions takes into account the NC/CC cross-section ratemergy dependent cross-sections, acceptances and effi-
since the main contribution to thNéj;? sample comes ciencies. Fig.5 shows the dependence from the neutrino
from NC interactions (note that in eq. &, is the ratio energy of the global analysis efficiency; - exink, Of v

of CC cross-sections). The kinematical selections hawmeractions. It includes the effects of the full analysis
largely different effects omw,, and v, interactions and chain i.e. the event reconstruction, the vertex location,
also the reconstruction efficiency, which is included ithe kink search and the kinematical cuts.
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The size of the upper limilv. is determined by the _. 6P jimi ilati d
statistics and by the systematic error affecting the dg9ure 6:Presentlimitom,, — v- oscillation compare

nominator of eq. 4. The latter receives different contri 1€ results of previous experiments [19, 20, 21, 22]
butions. The errors on the branching ratios and from (d@shed lines) and to the the recent NOMAD result [23]

the MonteCarlo statistics are negligible. The error on tt& Z”e)" the meaninlg'of the shecond CHORUS curve
oS€15CC ratio is also small. The calculation of the ac(dash—dotted), is explained in the text.

ceptances and an experimental check of the kink detec-
tion efficiency were discussed in section 7. We estima%het9 h diod th lusi Th
the overall systematic error on the denominator of eq,. one we have used 1o draw the exclusion curve. The
to be17%. _t|ghtness of t_he upper limit resulting from the FC m_ethod_
For the determination o, i.e. the upper limit on in some particular cases, has already been questioned in

the number of/. candidates, we have used the methi;ae literature [25, 26]. We agree with the observation

proposed by Junk [18] which allows the combination y Cousins [27] that these results are understood and

different channels, taking into account the errors on t[%atistically correct, since they reflect the low probabil-
background and o’n the signal ity of the observed data set for a given expectation of

The overall 90% C.L. upper limit on the number 0packground plus signal. However, the upper limit of 2.4

7 decays is 2.4. Itis based on the null observation in tﬁgents, qu?‘"ynve” found?ddsttatﬁtlcally, gIves mfon;na—
two independent channelsy andOg. The limit on the lon more directly conhected 1o Ine common Use ot an

. o ; xclusion plot, since it is related to the size of that signal
g“. — vr oscillation probability obtained through eq. €vhich would have less tha®% probability of resulting

P <34x10-4 (5) in the observatipn of zero eventg. Note that results close
KT == to 2.4 are obtained using techniques other than the one

The 90% C.L. excluded region in thei(.?26,,,, Am?) proposed by Junk (see e.g. [25, 26]).

parameter space is represented in Fig.6. Full mixing be- For the sake of a direct comparison with the result

tween v, and v, is excluded at 90% C.L. forof NOMAD, the curve corresponding to the upper limit

Am? > 0.6 eV2. Large Am? values are excluded atof 1.4 events{in®26,, < 4.0 x 10~* for large Am?)

90% C.L. forsin?26,,, > 6.8 x 10~%. is also shown in Fig.6 (dash—dotted line).

Fig.6 also displays the recent NOMAD result [23].

Their result should not be directly compared with our8,2  Limits on v, — v, oscillation

since the statistical treatment of the data is different. The SPS neutrino beam containg’acomponent

The problem of calculating upper limits has recentlyhich amounts to 0.9% of the integrateg flux. The

received great attention. Many different methods hawegative result of the search forinteractions can there-

been suggested, consistently with the fact that diffdore be used to set limits on the — v, oscillation.

ent, statistically correct choices can be made to evalud@tee evaluation of the limit has been performed with the

90% C.L.. The NOMAD Collaboration has adopted theame technique used for thee — v, oscillation, this

technique proposed by Feldman and Cousins (FC) [2#he in the assumption that th¥. events are coming

which, applied to our data — zero events observed — giiesm the oscillation of the,. component of the beam.

an upper limit of 1.4 events, much more stringent thdlo account for the uncertainty on the/v, flux ratio

10



Primary factors to achieve this goal are the substantial
progress in the automatic scanning speed and various
improvements in the reconstruction programs. It is now
possible to scan more tracks per event and to digitize
the emulsion grains in the vertex region for all located
events. This will allow to increase the vertex location
efficiency and to perform a detailed analysis of the lo-
cated events, with a consequent increase of the kink de-
tection efficiency as well. Work for an improvement in
the hadron momentum measurement is in progress. It
should allow to reduce the expected WK background.

T T T T T
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