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Abstract. The ANTARES collaboration aims to deploy a come from up-going neutrinos that interact somewhere near
0.1km? neutrino telescope in the Mediterranean sea by 2004the detector. The muon carries an important fraction of the
Neutrinos will be detected through the muons produced ininitial neutrino energy and, for high energies, nearly the same
their interaction with the surrounding matter. The muon tra- direction.
jectory in turn can be reconstructed from the arrival time of In the ANTARES detector (ANTARES Collab. , 1999)
the emitted Cherenkov photons at the detector’s photomultithe detection of up-going muons will be performed through
pliers. The reconstruction software should be highly efficientthe detection of the Cherenkov light that they produce when
and able to provide the best possible angular resolution fotraversing the sea water. This light will be detected by means
astronomy. In this work the various reconstruction methodsof an array of photomultiplier tubes (PMTs) pointing down-
developed within the ANTARES collaboration, some of them wards ¢5° from the vertical). The information collected by
based on novel concepts, are reviewed. We mainly focus otthe PMTs, which will cover an effective surface-00.1km?,
muon reconstruction, but dedicated techniques for neutrinawill be used to reconstruct the muon track. The final perfor-
oscillations and electromagnetic shower reconstruction argnances —efficiency and angular resolution— will depend on
briefly presented as well. The performances of the differentdetector features, such as geometry, optical properties of the
reconstruction algorithms estimated using Monte Carlo sim-medium, photomultiplier characteristics, etc, but also on the
ulated events are given. Finally, the method used to reconsreconstruction procedure.
truct real atmospheric muons recorded with a first prototype The reconstruction procedure is required to be highly ef-
string is explained. ficient and able to provide the maximum angular resolution
that can be potentially obtained with a given detector design.
It has to be able as well to reduce to a minimum the number
of down-going tracks wrongly reconstructed as up-going.

In this work, the reconstruction algorithms used and de-
The detection of high energy neutrinos is the main goal of the?€10P€d inside the ANTARES collaboration, some of them

ANTARES neutrino telescope. Several theoretical models?@Sed on novel concepts, are summarized. The main focus is
predict the production of energetic neutrinos from a varietyOn high energy muon reconstrucUon,.but some other studies
of extraterrestrial sources. Together with indirect dark matter2'® also presented. The reconstruction programs have been
searches and the quest for new complementary evidence fdfStéd using Monte Carlo data. However, in order to analyze
atmospheric neutrino oscillations underpins the ANTARES the data collected from a first prototype string, a special re-
scientific programme. Neutrinos are indeed very interestingtOnstruction code was developed, whose performance with
probes capable of delivering useful information from their real data is also presented.

sources, provided that the experimentally challenging goal of

building a detector to observe them and deduce their origin i
is met. 2 Muon Reconstruction

1 Introduction

Neutrinos cannot be directly detected, but they produceA track is d ibed using 5 ters: t |
a unigue signature when an up-going muon coming from muon track is described using > parameters. two angies

the Earth itself is detected. Since only neutrinos are ablea9 ;}nd?)‘ tIth% ctoord|tnz_atestﬁ, y)in tg_e ptlane ;ierp,endmltjlar d
to cross large distances in matter, the up-going muons mu € track that contains the coordinate systems center an

the corresponding time of passagg (n general, energy is
Correspondence tdz. Carmona (carmona@ific.uv.es) separated from reconstruction of the muon track. The muon'’s
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Fig. 1. Definition of the muon track parameters. Fig. 2. Pdf of the arrival time of the photons to the photomultipliers

with respect to direct Cherenkov photons, obtained by Monte Carlo.
Different muon energies are plotted: 2 TeV, 10 TeV, 50 TeV and 250
energy can be estimated after the track reconstruction, usingev.

the amplitude of the fired PMTs (F. Hubaut , 1999). Figure 1
is a schematic view of the track parameter definition. The

arrival time of a Cherenkov photon to a given photomultiplier 53¢ 3 free parameter. The minimization -efog £ starting

is related to the track parameters by Eq. 1: from the pre-fitted parameters is then performed using stan-
dard methods (NAG numerical libraries). In addition to this
basic strategy, two new approaches have been developed in
the ANTARES collaboration that increase the reconstruction
efficiency as well as the angular resolution.

wheret; is the time recorded in theth PMT, ¢ is the speed Pl\l/lr]rthe E';SL gltematwe_approach, thde posguops Of. the E't
of light in vacuum and,. is the Cherenkov angle in water. S anc t el orientations are used to obtain pomt_s .t at
the track is likely to have crossed. Instead of the original

The time difference between the time recorded in a given ™~ . . X .
PMT and the time given by Eq. 1 follows a probability den- position of the fired PMT, these points are then used to obtain
' a better pre-fit. This improved pre-fit is then combined with

sity function pdf) similar to those given in Fig. 2. The main he minimizati f the f r
peak in Fig. 2 is produced by direct photons, its width be- (e Minimization of the function:
ing mainly due to the PMT time resolution. The tails of the

pdfs are due to scattered photons or photons not directly pro-
)=-Y \J1+A2-1

duced by the muon’s Cherenkov emission. Since the tailsM (z,y,0, ¢,t (2

have smaller influence than the peaks, a common parameter-

ization independent of the muon energy can be used. This

parameterization is used to associate to every hit a probabil- fit )

ity of coming from a given track, according to the time dif- WhereAt; = t; —t;"(z,y,0, ¢,t) are the residuals of the

ference between the recorded and the expected arrival timgdits-  This function behaves like g* when the residuals

(Eq. 1), taking into account the probability for a given PMT are small. Finding a global minimum of this function (M-

of detecting that photon. In most reconstruction methods gStimator) turns out to be easier than finding a global max-

these probabilities are used to compute a likelihood functiodmum of the likelihood function,C. As a result, the re-

(£), whose maximum is used to obtain estimates of the muorfonstruction efficiency improves a factor 2, while the angu-

track parameters from the recorded hit information. In addi-lar resolution also improves. The effect of the background

tion, all the reconstruction processes need a filtering of theevents for this reconstruction procedure is under study.

hits using causality filters to reject the hits produced bl In the second approach an improvement in the pre-fit pro-

or bioluminescence. cedure is also performed, but taking advantage in this case of
The first reconstruction code (F. Hubaut , 1999) devel-the geometrical relationships between the positions and times

oped within the ANTARES collaboration used the likelihood of the hits imposed by the Cherenkov effect. The technique,

method combined with a pre-fit based on a method from V.called theiterative pre-fit is described in the following sub-

J. Stenger (1990). The pre-fit, used as a first rough estimatsection. All the strategies are accessible from a single recon-

of the track parameters, amounts to a straight line fitted tostruction programRECQ to facilitate their use in different

the fired PMTs in the event, leaving the speed of the muonstudies.
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2.1 The iterative pre-fit seen anymore (see Fig. 3). Maximizing the number of hits in
a narrow window around the highest peak in the time distri-
This technique is based on the derivation of the tragk’s  pution, thed and¢ of the track can be obtained. To this end,
and¢ parameters from it§ and¢ parameters using the hit an jterative process can be used. Starting with a given value
information and the known Cherenkov angle. From Eq. 1,0f § and ¢, a small number of hits in the event —the most

the difference in transverse distance between two hifs£ |ikely to be direct Cherenkov photons— can be used in order
r; — r;) can be expressed as a function of the difference intg obtainz, y andt. A fit is then made using the maximum
time (¢;; = t; — t;) and their longitudinal distance{; = |ikelihood method to obtain a new set of parameters. Then
Li — Ly): the newd and¢ are used again to obtain y andt, repeat-

et Lo ing the process until it converges. Finally, a maximization
= (3) of £ with all the hits compatible with the pre-fitted parame-
tan(6.) ters is used as in the standard procedure. However, this step
only serves as a final fine tuning of the parameters, since in
this case the pre-fit gives values very close to the final ones,
providing also a good selection of the hits compatible with

From Eg. 3, the-;; can be obtained, provided thétand
¢ are known. Since; is the distance in the transverse plane
of the track projection (a point) to each hit, the differences

r;; define a hyperbola on which the track projection must Cherenkov photons. _ _ _
lie and whose foci are the hit projections. After filtering the ~ With different starting points and using the number of hits
hits in an event in order to use only those most likely pro- 2round the peak of thehistograms as a reference, it is ob-

duced by Cherenkov photons, the hits can be combined ifained up to afactopg more reqonstructed tracks than in the
groups of three to compute analytically the intersection 0fs_tandard recon_structlon and with much b_etter angglar_resolu-
two hyperbolas. The maximum of the histogram of all the tion. A comparison of the performances is shown in Fig. 4.
possible intersection points between the different hit combi-

nations corresponds to the projection of the muon track in Reconstruction performances

the perpendicular plane. Theandy parameters can be used g 1°
in Eq. 1 to obtain & of the track from each hit in the event.
The distribution oft is similar to thepdfs in Fig. 2 and the 80
maximum of this distribution corresponds to thearameter

of the track (see Fig. 3). 0
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Fig. 4. Comparison of performances between the iterative pre-fit
(dashed line) and the standard reconstruction (solid line).
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s e e o o s This technique has been complemented with tight selec-
t parameter (ns) tion criteria that use the ability to obtain 3 track parameters
from the other 2. Up to now, this method has shown the best
Fig. 3. Parametet computed from Eq. 1, using an arbitrary direc- rejection factor for down-going background events recon-
tion (dashed line) and the true muon direction (solid line). structed as up-going tracks. For down-going single muons,
no event is reconstructed as an up-going track i2d hours
of simulated data4(2 x 10° events). For down-going multi-
) . , uons (two or more parallel muons produced in the same
This technique can be used as a pre-fit for tracks expecte tmospheric cascade), in 9 days of simulated primaries

to come from a given direction in the sky (knowrand ¢) with energy above 2 TeVAQ x 10° events), only 2 events
as in dark matter searches from the Sun or the galactic cengq o reconstructed as up-going

ter. However, the technique has been extended to the general

case wher@ and¢ are unknown. When the technique is ap- 2.2 1-D Reconstruction

plied for values ofd and ¢ which are not those of the real

track, the track projection is no longer in the hyperbola de-At energies below the range of interest to neutrino astrono-
fined by Eq. 3. A narrow peak in the time distribution is not my;, it is possible to perform other studies like neutrino oscil-

i
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lations or dark matter searches. In this case, almost vertical O it
events are important (larger oscillation lengths and neutrali- ‘§

nos from the Earth’'s center). These events may only pro- >0 2o

duce hits in one of the strings, then a reconstruction pro- E 200 ﬂ
cedure slightly different from the general multi-string case % - H
must be applied (C. &loganu , 1999). The first step con- = ‘I
sists in a special single-string event trigger that, if passed, 1o I{I JJI f
is followed by the selection of the string with the largest hit 100 5! ‘ |I III
amplitudes. Then, a filter to reject hits frofhK and biolu- o ‘J g
minescence is applied. The pre-fit is substituted in this case r,f

by a scanning of the track parameter space. The values that ®o e a0 e 0 i 120 1de ich 1%

give the maximum likelihood are kept as the starting point
for the fit. Finally, the same fitting procedure as in the multi-

string case —a maximization of the Likelihood function with Fig. 5. Comparison of Monte Carlo data and real data collected with
5 track parameters— is followed the prototype string. All data are reconstructed with Argarec

reconstruction program.

3 Other reconstruction techniques muons is given by Eq. 4:

Other reconstruction techniques have also been developed (2 — 29) cos 0 + \/m\/d2 + (2 — 29)%sin® 6
for special purposes within the ANTARES collaboration. For ¢ = to+ (4)

the reconstruction of electromagnetic showers, a fit is per-

formed with 7 parameters: the position, (y, z), the time  this equation is an hyperbola with four parametess 4o, 0,

(), the direction §, ¢) and the energyK) of the shower. In d), d is the closest distance from the muon track to the string,
this case, a pre-fit is applied in which the shower’s energy,? is the zenith angle of the track. When the distaricie
position, time and direction are each studied separately. Thémall compared ta; — 2o, then the asymptote equation can
energy is estimated using the sum of amplitudes of all thePe derived:

selecteo! hits._ ansidering that the light from th_e interactionc(ti — o) = (2 — 20)(cos O + Vn? —1- sin 6) )
shower is point-like and propagates as a spherical wave, us-

ing x? minimization the time and position can be obtained. which is a straight line. This approximation can be used as
The direction is obtained using)&@ function that takes into  starting point for the zenith angle in the hyperbolic fit. A
account the amplitude of the recorded hits and approximatespecial reconstruction codarftareg has been developed for
the propagation according to a plane wave perpendicular tahis particular reconstruction case. In Fig. 5, the distribution
the event direction with speedn?. The final fit fixes ther, of the reconstructed zenith angle of the collected down-going
y, z andt parameters to those obtained in the pre-fit while muons is compared with a full Monte Carlo simulation, ac-
the energy and the direction of the shower are fitted using aounting for muon multiplicity (A. Kouchner , 2001). The
x? function that takes into account the amplitude expected inreal and simulation data are in good agreement with each
each PMT according to its orientation and the shower paramether what proved the validity of the reconstruction concepts
eters. presented here.

C

4 Reconstruction with real data
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