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Resum

Introduccio

Aquest treball d’investigacié s’ha centrat en estudi de les balises optiques del
telescopi submari de neutrins ANTARES. Aquest estudis han estat realitzats primer a
Valencia com a lloc on es produeixen les balises, i a Marsella com a lloc on se integren
amb la resta del detector. Les balises optiques han sigut dissenyades amb la finalitat de
calibrar temporalment el detector. Aquesta calibracié és necessaria pel tal d’aconseguir
una resolucié angular per a les traces de neutrins cosmics, millor que 0.3°. L’tltima
part d’aquest treball esta dedicada al repas dels primers resultats obtinguts amb les
balises submergides amb la linia d’instrumentacio (MILOM) des de la primavera de
2005. Aquest resultats han vingut a confirmar una resolucié temporal de ~ 0.4 ns per
als OMs, la qual proporciona la resolucié angular prevista pel detector.

Astronomia de neutrins

L’astronomia de neutrins és una nova forma de fer astronomia de recent aparicid,
on, a diferencia de l'astronomia tradicional, no sén els fotons sind els neutrins els
missatgers utilitzats per a ’estudi de I'univers.

Els neutrins sén particules fermioniques de carrega neutra i massa molt menuda,
que apleguen a la superficie de la Terra provinents de 'espai junt a la resta de raigs
cosmics, és a dir, particules que no sén fotons.

La primera evidencia de 'existencia d’aquestos raigs cosmics fou descoberta per
V.Hess I'any 1912. A més, Hess va demostrar que el seu flux augmentava conforme
anava pujant amb un globus aerostatic, quedant aixi provat el seu origen extraterrestre.

Els estudis fets sobre 'espectre dels raigs cosmics mostra que aquestos apleguen a
la Terra amb un flux que va com:

dN .
— < F (1)
dF
on 7 es 'anomenat index espectral.
L’observacié de neutrins en compte de fotons, té un clar avantatge quan es tracta
de mirar objectes densos i llunyans. En aquest cas, els neutrins provinents d’aquest
objectes, degut al seu caracter neutre, no interaccionen amb els camps magnetics, com

fan per exemple els protons. També, degut a la seua baixa seccié eficag, els neutrins
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interaccionen molt poc amb la materia i poden per tant, travessar les denses superficies,
on es produeixen les reaccions mes energetiques, sense ser absorbits, cosa que no ocorre
amb els fotons. Apart, tant els protons com els fotons d’alta energia interaccionen amb
la radiacié de fons, els protons amb la radiacié de microones (efecte GZK) i els fotons
amb el fons d’infrarrojos. Aquesta interaccid fa que el seu recorregut lliure mig es veja
reduit considerablement per a distancies de 'ordre de 100 Mpc.

Entre les fonts de neutrins candidates, trobem els nuclis actius de galaxies (AGN) i
les explosions de raigs gamma (GRB) com a candidats d’emissors extragalactics. També
microquasars, remanents de supernoves, el centre galactic, sistemes binaris, etc. com a
candidats de fonts galactiques. L’emissio a altes energies d’algunes d’aquestes fonts ja
han sigut confirmades pels moderns telescopis de raigs gamma, com és el cas de HESS
o MAGIC.

Apart de la deteccié d’aquestes fonts, ja comprovades experimentalment en raigs
gamma, els telescopis de neutrins ens podem servir per a detectar o descartar altres
possibles fonts de neutrins d’alta energia com ara els que prediuen els models “top-
down”, on els neutrins serien emessos en el decaiment de particules molt massives.
També s’han postulat altres teories on ’emissé de neutrins com a producte de defectes
topologics, com monopols, cordes cosmiques, etc. A més a més, per a neutrins de
més baixes energies, el telescopis de neutrins poden aportar alguna ajuda a 'estudi
d’oscil.lacions observant un deficit en els neutrins atmosferics.

ANTARES i els telescopis de neutrins

Pero tot no son avantatges amb els neutrins. De fet, el seu principal avantatge, és a
dir, que interaccionen molt rarament degut a la seua baixa seccio eficag, és a la vegada
el seu major inconvenient ja que eixa escassa interaccié fa necessari grans volums de
deteccié. Es per aco que 'astronomia de neutrins necessita de grans aparells per tal
de poder detectar un nombre significatiu d’events.

La idea de construir aquest tipus de detectors fou concebuda per primera vegada
I’any 1960 per Markov. El principi de deteccié esta basat en recollir la llum Cherenkov
que és emesa per un mud produit en una interaccié previa d’'un neutri cosmic d’alta
energia amb la materia que envolta al detector. Per tal d’aconseguir aco, es construeix
una xarxa de fotomultiplicadors (PMT) distribuits dins d’un medi opticament adecuat
per a la propagacio de la llum, com pot ser per exemple I'aigua o el gel.

Com hem vist, els volums de deteccié han de ser grans, tipicament de 'ordre del
km?, per a que el nombre d’events provinents de neutrins cosmics siga important. A
més, s’ha de tindre en compte les possibles fonts d’events no desitjats com soén els
muons atmosferics, o be els muons produits per neutrins atmosferics. Els primers
estan altament suprimits gracies a la profunditat a la que es coloquen els telescopis de
neutrins, a més, els PMTs es solen colocar mirant cap avall, cosa que fa possible una
reduccié major dels muons atmosferics, si se consideren solament el events amb traca
ascendent. Pel que fa als muons induits per neutrins atmosferics, aquestos sén més
dificils de rebutjar, i la manera de distinguir-los dels neutrins cosmics esta basada en
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el diferent index espectral que presenten ambdos.

La col.laboraci6 ANTARES (Astronomy with a Neutrino Telescope and Abyss en-
vironmental RESearch), constituida per 21 institucions de 6 paisos europeus, esta ac-
tualment en plena fase de construccié d’'un telescopi de neutrins en el fons del mar
Mediterrani a 2500 metres de profunditat en front de la costa de Toulon (Franga). El
detector estara format per 900 fotomultiplicadors distribuits en 12 linies d’uns 400 me-
tres d’alcada formant una xarxa tridimensional, que s’encarregara de detectar la llum
Cherenkov. Aquestos PMTs estan ubicats dins d’'una esfera que els protegeix de les
altes pressions submarines, formant un conjunt anomenat Modul Optic (OM). Els OMs
estan orientats 45 graus cap avall per tal de reduir el fons de muons atmosferics, per
tant, el telescopi de neutrins cobreix el cel oposat al que voria un telescopi tradicional
de fotons en el mateix emplacament.

Els principals elements del detector ANTARES sén:

e El Modul Optic (OM), és el element més important del detector, ja que alberga
el fotomultiplicador (PMT) amb 10”7 de diametre de fotocatode. A més, també
conté, entre altres, un LED intern per a calibrar el PMT.

e El Pis, constituit basicament per 3 OMs i un Modul de Control Local (LCM) on
esta ’electronica de lectura del detector, on el principal component és la tarjeta
ARS, que s’encarrega de processar la informacio de carrega (AVC) i temps (TVC
i TS) per als dos modes possibles de lectura de la senyal (SPE i WF) recollida
en el PMT. A més, certs pisos poden estar equipats amb una Balisa LED o un
hidrofén utilitzat per a la calibracié espacial.

e Les 12 linies que constituixen el detector, amb 25 pisos cadascuna, ancorades en
el fons del mar.

e El Cable Electro—@ptic, de uns 40 km de llargaria que connecta 1’estacio de control
en la costa amb el detector, s’encarrega de subministrar el potencial d’alimentacié,
la senyal de rellotge i la transmissiéo de dades, entre altres.

La col.laboracié ha dedicat un llarg periode de temps a la investigacié i desen-
volupament dels components finals per al detector, i ha fet també diverses campanyes
marines en diferents parts del Mediterrani, per tal de trobar el lloc idoni per a ubicar
el detector.

Actualment, el detector es troba en fase de produccié. A més, 2 linies han sigut
ja desplegades, una d’instrumentacié (MILOM) i una del propi detector (Linia 1). El
conjunt de les 12 linies s’espera que estiga submergit i operatiu cap a finals del 2007.

El sistema de calibracié temporal d’ANTARES i les balises
optiques

Tot telescopi de neutrins necessita d’una bona calibracié temporal que permeta
aconseguir una bona resolucié temporal relativa (~ 0.5 ns). Aquesta resoluci6 temporal
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relativa és important per tal d’obtenir una resolucié angular optima, que permeta
apuntar el millor possible cap a les fonts de neutrins cosmics. També és necessaria
una bona resolucié temporal absoluta (~ 1 ms) per a poder obtenir correlacions amb
fenomens fisics d’interés, com per exemple explosions de raigs gamma, etc. Per tal
d’aconseguir aquesta desitjada calibracié, es duen a terme proves tant en el mar com
en el laboratori. Aquestes proves sén en alguns casos redundants. Les proves de
calibracié poden classificar-se depenent d’on es realitzen:

e Proves de calibracio en el mar:

- Calibracié amb el rellotge intern: Aquesta prova es realitza amb un sistema eco
distribuit amb la senyal de rellotge. A¢o dona una senyal comu de referéncia a
tots els LCMs. Amb aquest sistema, es pot coneixer el temps que tarda la senyal
eco en fer tot el trajecte (anada i tornada). El temps que tarda en recorrer la
meitat d’aquest trajecte s’anomena “fase del rellotge”, la qual es calcula amb una
precissié d’uns 100 ps.

- Calibracié amb LEDs interns: Aquesta prova es du a terme amb el LED intern,
el qual es troba apegat a la part de darrere del PMT dins del OM i és capag de
il.luminar-lo. Com el temps d’emissié de la llum del LED intern és conegut, es
pot fer un seguiment del temps de transit del PMT.

- Les balises optiques: Hi han dos tipus de balises optiques, d’una banda esta la
Balisa LED. Aquesta consta d’'un prisma hexagonal on cada cara conté 6 circuits
pulsadors que contenen un LED cadascun d’ells. Aquest circuit permet la variacié
de la intensitat de llum emesa pels LEDs quan variem l'alimentacié del circuit
de OV a 24V. L’activacié d’aquest pulsadors es produeix en resposta al flanc de
pujada d’una senyal cuadrada externa. Els LEDs emeten llum blava de 472 nm de
longitud d’ona, i proporcionen en cada pols una energia de ~ 158 nJ, treballant a
maxima intensitat. La senyal que donen estan caracteritzades per tenir un rapid
flanc de pujada d’uns 2 ns. Una de les principals caracteristiques de la Balisa
LED, és que pot il.luminar els LEDs per grups (central, superior i 4 centrals) i
per cares, separadament. A més, disposa de la possibilitat de ajustar la intensitat
d’emissié dels mateixos. Tot ago dona un ampli ventall de possibilitats a I’hora de
configurar I'emissié de la balisa, lo qual es molt 1til per a fer estudis de calibracié.
La lectura de la llum emesa pels LEDs es fa mitjancant un PMT emplacat dins
de la propia balisa, el qual proporciona el temps d’emissié de la llum.

L’altra balisa optica, la laser, esta formada per un diode bombetjat de “Q-
switched Nd-YAG” laser, construit per Nanolase el qual emet llum verda de
532 nm de longitud d’ona, i proporciona una energia per pols de ~ 1 uJ. A
diferencia de la balisa de LEDs, la seua emissiéo no és variable, i aquesta es fa
a traves un difussor optic que déna una emissiéo lambertiana. L’enregistrament
de la senyal del laser es fa utilitzant un fotodiode intern, el qual proporciona el
temps d’emissio de la llum.
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- Calibracié amb muons atmosferics: Utilitzant el fons de muons atmosferics, es
pot fer un seguiment dels desfasaments temporals (At) dels OMs. La idea es
veure si amb els desfasaments temporals utilitzats en el ajustos, les traces dels
muons reconstruits sén prou precises.

e Proves de calibracid en el laboratori:

Aquestes proves es realitzen utilitzant un sistema laser el qual proporciona una
senyal com1, via fibra optica, a un determinat nombre d’OMs. El temps d’emissio
de la senyal del laser és registrat per un fotodiode intern que envia les dades a
un LCM de referencia. Aquest sistema permet la mesura dels parametres de
calibracié tals com:

- Desfasaments temporal entre OMs (At): Els desfasaments temporals relatius en-
tre OMs es produeix degut a les diferencies en el temps de transit i la electronica
en cada OM. Els valors d’aquests desfasaments s’obtenen de la diferencia tempo-
ral entre la senyal que ens déna el LCM de referencia i la que ens déna el ARS
del OM corresponent.

- QCalibraci6 del TVC: ElI TVC permet arrivar a una precissié, en la mesures tem-
porals, de 50 ns. El que es preten amb aquesta calibraci6 és calcular el rang real
del TVC (TVCyin 1 TVCas). Aco és possibleja que emissié del laser es pro-
dueix amb una incertesa d’un centenar de nanosegons. Aquesta senyal donaria
una distribucié uniforme dins del rang de 50 ns que té el TVC.

- Calibraci6 del llindar dels ARS: Aquesta prova es realitza utilitzant varies in-
tensitats de la llum del laser, i ens permet, mitjancant un ajust, coneixer la
equivalencia entre les unitats del llindar del ARS i mV (p.e.), ja que es suposa
una resposta lineal de ’AVC.

- Calibraci6 de la carrega: Els valors del pedestal (AVC_0) i el pic d’un fotoelectré
(AVC_1) sén calculats amb un tests similar a anterior, on s’utilitzen diferents

intensitats del laser. Aquestos valors en permeten fer I’equivaléncia entre unitats
de PAVC i mV (p.e.).

Objectius

Els objectius d’aquest treball han sigut, per una banda, establir un banc de proves
per a comprovar que les balises optiques funcionaven tal i com s’esperava del seu disseny
en les fases de produccio, integracié amb la resta d’elements del detector, i ja amb la
linia submergida. Per altra banda, ’altre objectiu ha sigut analitzar els resultats de
calibracié obtinguts amb les primeres dades en el mar de les balises optiques.



6 RESUM

Proves de produccié a Valencia

Podem distinguir les proves atenent al tipus de balisa:

e bhalisa de LEDs

La cadena de proves establida a Valencia va estar basada en la funcionalitat i
la sincronitzacié de la emissié de llum pels LEDs. Provant la funcionalitat ens
asegurem que podem canviar la intensitat de la llum emesa pels LEDs aixi com
la ganancia del PMT xicotet que s’encarrega de enregistrar la senyal del LED per
a saber el temps en el que ha sigut emés.

Amb la sincronitzacié ens asegurem que la emissioé de tots els LEDs del beacons
es fa en un interval menor a 0.3 ns, aco qual és important per a afectar el menys
possible al temps de putjada de la senyal que recull el PMT de la balisa, ja que,
aco esta directament correlacionat amb la resolucié temporal que pot abastar el
detector.

També es va fer un estudi per Monte Carlo de com pot afectar aquesta desin-
cronitzacio al temps de putjada de la senyal.

e Balisa Laser

La Balisa Laser al igual que la balisa de LEDs ha estat provada funcionalment,
com es mostra per exemple en 'estudi de 'estabilitat de 1’emissié d’energia.

Apart, al igual que passa amb la balisa de LEDs, el temps de pujada que recull el
fotodiode intern encarregat de la lectura de la senyal és crucial per a abastar una
bona resolucié temporal. Per tant, es va fer un estudi de les fluctuacions aleatories
que poden causar, durant l'enregistrament de la senyal, un empitjorament del
temps medit.

Proves d’integracié a Marsella

En Marsella es dugueren a terme les proves de les primeres balises optiques amb el
disseny definitiu, per a la integracié de la MILOM.

Una vegada amb les balises integrades en el sistema d’adquisio, es repetiren les
proves de funcionalitat, i es mesuraren algunes propietats com el temps de pujada
de la senyal, el soroll que s’indueix en montatge final, distribucions de AVC i TVC,
taxa d’emissio de la balisa, etc. Amb aquestes mesures es comprova que les balises
funcionaven correctament.

Un estudi del temps de pujada de la senyal es va fer per a veure com canvia la
resposta de les balises amb diferents muntatges experimentals

També es feren proves més especifiques per a la Balisa LED com il.luminar diferents
grups i cares per separat.
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Proves amb les balises optiques de la linia instrumental

La prova definitiva de les balises fou realitzada quan aquestes foren submergides
amb la resta de la linia d’instrumentacié la primavera de 2005. Amb la MILOM les
primeres senyals de les balises optiques foren presses, donant els primers resultats de
calibracio.

Discussio dels resultats

Tets de produccié a Valencia

En Valencia les balises optiques sén muntades i provades avans de ser enviades al
laboratori on es fa l'integracié amb la resta d’elements del detector. Les banc de proves
finalment ideat inclou:

e Balisa LED
- Muntatge i revisié visual de cadascun dels components de la Balisa LED.

- Comprovacié de l'emissio de llum d’intensitat variable dels LEDs i correcta re-
sposta del PMT intern.

- Mesura del rang d’emissié del LEDs individualment.

- Eleccié d’un valor de sincronitzacié comu a tots el LEDs i posterior sincronitzacio
d’aquestos.

. vacid . . tracid car . ) o1
Comprovacié de la correcta sincronitzacié cara a cara amb la Balisa LED em
placada dins d’una caixa negra.

- Prova termica, on la Balisa LED es sotmesa a canvis de temperatura entre 10 i
40 graus.

- Revisié final dels components despres d’haver passat la prova termica.

- Comprovacié del nivell de soroll i sincronitzacié abans de tancar la balisa en el
seu contenidor.

- Tancament de la Balisa LED dins del seu contenidor i verificacié final del fun-
cionament i sincronitzacié abans d’enviar la Balisa LED al lloc d’integracio.

e Balisa Laser

- Estudi de la resposta temporal del fotodiode intern del laser. La qual, segons les
dades obtingudes, proporciona mesures temporals amb una precissié de 50 ps.

- Estudi de I'estabilitat de I’energia emesa en cada pols del laser.
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Tets de integracié

Les proves d’integracio i pre-integracié de la MILOM i la Linia 1 foren realitzades
al CPPM de Marsella. Alli s’obteniren les primeres senyals de les balises optiques
treballant amb el sistema d’adquisici6 d’ANTARES.

Per a la Balisa LED, les senyals preses en mode WF confirmaren la senyal vista amb
l'oscil.loscopi a Valencia. Les distribucions de carrega mostraren que eren sensibles a
canvis en la configuracié (intensitat dels LEDs i/o ganancia del PMT) de la Balisa LED
tal com s’esperava. La distribucié de TVC obtinguda resulta ser molt picada degut a
la emissié sincronitzacié i estable de la Balisa LED. El nivell de soroll va ser medit i
s’estudiaren les possibles causes.

Les mesures fetes per a la integracié de la MILOM, serviren per a establir les proves
definitives que se faran a les balises optiques de les futures 12 linies del detector abans
de submergir-les. Les proves escollides foren finalment dos:

Primer s’il.lumina directament el PMT de la balisa de LEDs amb una senyal laser
propagada mitjancant una fibra optica. Amb aquesta prova es preten mesurar el
parametre TVC,,;,, 1 TVC,,.. del ARS destinat a la lectura del PMT de la balisa
de LEDs. També es poden obtindre d’aquesta prova el valor del At del ARS de la
balisa, al igual com es fa per a la calibracié dels OMs.

En I’altra prova a realitzar, és la llum dels propis LEDs la que és recollida pel xicotet
PMT. Aquesta prova ens serveix com a tests de la sincronitzacié i funcionalitat de la
balisa, aixi com una estimacié del nivell de soroll. Aquest soroll s’haura d’eliminar “a
posteriori” incrementant el valor del llindar per a I’ARS de la balisa.

Altres proves més especifiques foren fetes durant el llarg periode de pre-integracid
i integracio de la MILOM. Per exemple, l'estudi dels temps de pujada tant de tota
la Balisa LED com de cada LED individualment, aixi com l’estudi detallat del soroll
el qual va ser reduit notablement, o també 'estudi de la taxa d’emissié amb la qual
il.lnmina la Balisa LED.

Per a la Balisa Laser les proves realitzades en la integracié de la MILOM mostraren
valors de carrega en saturacié degut a la gran amplada de la senyal, i una distribucio
de TVC plana com s’esperava degut a la fluctuacié en 1’emissio dels polses del laser.
La senyal en mode WF també fou obtesa, la qual va permetre la mesura del temps de
pujada de la senyal.

Les senyal obtingudes per a les balises optiques (laser i LED) una vegada integrades
en el sistema d’adquisicio, es podem vore a la Figura 1.

Resultats amb les balises optiques de la MILOM

Amb la MILOM a l'aigua es feren les primeres proves del sistema de calibracio,
il.luminat els OMs amb la llum emesa per les balises optiques. Aco mostra un bon
accord entre les dades obteses en el laboratori i en el aigua, per als desfasaments
temporals (At). La resolucio temporal individual dels OMs fou estimada en ~ 0.4 ns
(Figura 2).
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Figure 1: Dibuixos de les senyal obtesses per a la Balises LED (dreta) i per a la Balisa
Laser (esquerra) una vegada integrades en el sistema d’adquisicié.

Apart d’aquestes mesures i les necesaries de funcionalitat, també fou estimada la
estabilitat d’emissié de la Balisa LED, estudiant les fluctuacions de les diferencies
temporals Balisa LED-OM, aixi com la carrega i temps recollits en I’ARS del PMT de
la Balisa LED durant un periode de 45 dies.

Conclusions

Els resultats més importants obtesos per a la part d’integracié serien:

En les balises de LEDs la sincronitzacié feta en Valencia proporciona una emissié
simultania, cara a cara, dins d’un rang de temps menor que 0.3 ns. La qual, com
s’ha mostrat per Monte Carlo, no s’espera que influisca el temps de pujada de la
senyal i per tant, no s’espera que afecte a la resolucié temporal.

El nivell de soroll ha estat reduit des de les primeres probes que es fern amb les
balises. Cal triar adecuadament el valor triat com a llindar, per a evitar aquestes
senyals de soroll.

Les mesures de carrega i temps fetes per a la balisa de LEDs amb el sistema
d’adquisicio, mostren un acord amb les mesures fetes a Valencia tan per a tota
la balisa il.luminant com per al cas en que sols un LED il.lumine.

La Balisa Laser proveix una senyal, d’energia estable, que pot ser mesurada amb
el fotodiode intern amb una precisié temporal millor que 50 ps.

Les mesures de carrega i temps fetes per a la Balisa Laser amb el sistema
d’adquisicio, mostren un acord amb les mesures fetes a Valencia.

Totes les balises construides per a la MILOM, i la Linia 1 han mostrat un correcte
funcionament.
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Figure 2: Figura amb les diferencies temporals entre OMs (ARSs) del mateix pis quan
son iluminats per la Balisa LED. La resolucio temporal de cada OM individualment es

~ 0.4 ns.

El resultats més significatius obtinguts amb la MILOM sén:

e Les primeres senyals del PMT intern (balisa de LEDs) i del fotodiode intern
(Balisa Laser) foren enregistrades en el ARS de la balisa.

e Les distribucions de carrega, temps i temps de pujada de les senyals de les balises
eren similars en 'aigua i en el laboratori.

e Les distribucions de carrega i temps mesurades per I'’ARS dels OMs es veren
modificades quan les balises il.luminaven.

e Les diferencies temporals entre els OMs mostren un bon acord amb els parametres
de calibracié mesurats previament en el laboratori.

e La balisa de LEDs ha mostrat gran fiabilitat durant el seu primer any de fun-
cionament, com s’ha vist dels estudis d’estabilitat.
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e Les mesures fetes en la MILOM amb les balises optiques, mostren una resolucié
temporal de ~ 0.4 ns per als OMs. Aco, junt a la precisié6 de ~ 10 cm que
ens dona el sistema actustic de posicionament, permet aconseguir una resolucio
de < 0.3° amb el detector ANTARES. Aquesta resolucié ens permetra, amb el
detector completament desplegat, la deteccié de fonts extraterrestres amb una
precisio sense precedents en un telescopi de neutrins.



Preface

Many advances has been made in the last decades in High Energy Physics. In
particular, Neutrino Physics has been one of the fields with more development with
the discovery of the neutrino oscillations by Kamiokande and the posterior confirmation
by SNO. Neutrino Physics applied to astronomy is the aim of the ANTARES Neutrino
Telescope.

The main motivation to construct a neutrino telescope comes from the studies
of cosmic rays (non-photon particles) as a complement to photon studies in classical
telescopes. These studies try to explain the origin of cosmic rays and the acceleration
mechanisms that take place on astrophysical objects as radio galaxies, active galactic
nuclei (AGN), gamma-ray bursts (GRB),etc. Cosmic rays also can provide a hint about
one of the most interesting mysteries of astrophysics, dark matter. Calculations about
the rate of capture of WIMP particles in big bodies (the Sun, the Earth, ...) and the
neutrino spectrum produced in their annihilations can be tested. Neutrino oscillations
might be also studied in neutrino telescopes.

The use of neutrinos has several advantages in the study of very far away cosmic
sources comparing with traditional photon astronomy. Neutrinos are electrically neu-
tral, so they are not deflected by magnetic fields. Due to their low cross-section, they
can reach us from very far away sources and we can “see inside” of the estellar objects,
where photons are not able to pass through their dense opaque regions. In addition.
high energy photons interact with the CMBR producing eTe™ pairs so photons with
energy greater than 10 TeV are not expected to reach us if they are produced at dis-
tances of the order of 100 Mpc. Neutrinos are also stable particles and do not decay as
free neutrons do. In conclusion, Neutrino Telescopes detecting TeV (or greater) cos-
mic neutrinos are a challenging way to improve our knowledge of the extraterrestrial
objects.

However, not all are advantages. Their low cross-section entails a big problem to
detect them. The experiments devised to work as neutrino telescopes use a huge volume
of matter to enhance neutrino interaction. For the time being, ice or water seems to
be the best environment.

The ANTARES collaboration, integrated by scientists and engineers from France,
Germany, Italy, the Netherlands, Russia and Spain is constructing a neutrino telescope
in the Mediterranean sea. The principle of detection is based on the Cherenkov light in-
duced by the charged particles produced in a neutrino interaction with the surrounding
matter. The detector is a 3D array and consists of 12 strings with 900 photomultipliers
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distributed on triplets along the lines. It is located at 2500 m depth under the sea on
the coast close to Toulon (France).

Great advances were made in the spring of 2005 with the deployment of the Line 0
(mechanical test line) and the MILOM (Mini Instrumentation Line with Optical Mod-
ules), but the major step was done very recently in March 2006 with the achievement
of the Line 1 connection, the first complete line of the ANTARES neutrino telescope.
These successes, together with the experience of other neutrino telescopes like BAIKAL
and AMANDA, give good expectations to do neutrino astronomy in the near future.

The aim of this research work is the analysis of the data obtained in the tests per-
formed with the Optical Beacon system for the MILOM and the Line 1, before and
after to be deployed in the sea. The Optical Beacon system is one of the ANTARES
calibration systems, which is crucial in order to achieve a good relative timing resolu-
tion. The pointing accurancy of the detector depens critically of this relative timing
resolution.

This research work is composed by the following structure. In Chapter 1 a brief
overview of cosmic rays and neutrino astronomy is given. A description of the ANTARES
telescope and his current status is presented in Chapter 2. Chapter 3 is devoted com-
pletely to the time calibration systems implemented in the ANTARES detector, making
special emphasis on the Optical Beacon calibration system. The results of the inte-
gration of the Optical Beacons for the MILOM line and the Line 1 are summarized
in Chapter 4, and finally, in Chapter 5 data analysis from the MILOM line showing
results on time calibration with the Optical Beacons system are presented.



Chapter 1

High-energy Neutrino Astronomy

Neutrino astronomy is a very recent and promising field of research. The main
motivations to do neutrino astronomy are related to the still open questions about the
origin of cosmic rays and the nature of dark matter. In this chapter, an overview on
cosmic rays will be given, in particular we will focus on the neutrino case and how
neutrino astronomy can help us to solve these unclear questions.

1.1 Cosmic rays

Cosmic rays were discovered by V. Hess in 1912 [1] when he observed that the flux
of this unknown radiation increased as he ascended in a balloon flight. This was in
disagreemnet with the current idea believed at the moment of being emitted by the
Earth’s crust, and demonstrated its extraterrestrial origin.

Cosmic rays are non-photon particles like protons, pions, neutrinos, etc. They fall
continuously over us isotropically. We can distinguish between primary cosmic rays
and secondary cosmic rays. Primary cosmic rays are basically protons (89%), but
we can find also helium (10%) and heavier nuclei (1%) [2]. Secondary cosmic rays
are the products of protons (mainly) colliding with nitrogen and oxigen nuclei in the
atmosphere. These products can collide again or decay into new particles that give rise
to atmospheric cascades through pair production, bremsstrahlung, and other reactions
producing muons, electrons, photons and neutrinos to a large extent.

Almost all these secondary particles are absorbed by the atmosphere, which shields
the Earth by roughly 20 radiation lengths. However, muons (due to the relativistic
time expansion) and neutrinos (due to their low cross-section), can reach the Earth’s
surface with an important flux.

Cosmic rays have a very wide energy spectrum which follows a power law as it is
showed in the Figure 1.1.

— < BT (1.1)
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where v is the so-called spectral index.

This picture covers over ten decades on energy and thirty decades on flux. In
this spectrum we can distinguish three important points: the knee, which is around
~ 10% eV, the ankle at ~ 3 x10'® eV and the Greisen-Zatsepin-Kuzmin (GZK) cut-
off [3] at ~ 6x10 eV. The knee and the ankle represent slope changes in the cosmic
ray energy spectrum, i.e., the spectral index is 2.7 before the knee, then changes to ~
3.0 up to the ankle, and after the ankle it goes to ~ 2.7 again.
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Figure 1.1: The cosmic ray energy spectrum plot covering 12 decades in energy. The
knee and the ankle points can be seen in the picture.

1.1.1 Cosmic rays origin

A mechanism to explain the acceleration of the charged cosmic rays (neutral par-
ticles as neutrinos or photons appear as decays of charged particles) is the diffusive
shock acceleration mechanism, which fits good with the energy spectrum law seen in
the Figure 1.1. The main idea for stochastic particle acceleration is the transfer of
macroscopic kinetic energy from moving magnetized plasma to individual charged par-
ticles. Assuming that after each encounter with the magnetic plasma, the particle’s
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kinetic energy increases by AL = £F, the number of particles with energy above a
given value F (the integral energyso spectrum) is given by:

1 EN\"

where Fj is the particle’s initial energy, P.,. is the probability of escaping from the
acceleration region and 7 is given by:

v=In <1_;Pesc) /In(1+¢)

We will mention under this context the 2nd order Fermi acceleration mechanism,
which was the original theory proposed by Fermi in 1949 [4]; and the 1st order Fermi
acceleration mechanism, where the previous theory is modified into a more efficient
mechanism.

Second order Fermi acceleration mechanism

In the 2nd order Fermi acceleration mechanism an ultra-relativistic cosmic ray with
energy F; and momentum pq, enters a cloud with angle 8, with the cloud’s direction.
It is also assumed that the cosmic ray suffers elastic scattering with the magnetic
irregularities of the gas cloud, so that there is no energy change on the cloud frame
(B} = EY). These clouds have typically random velocities of ~15 km/s superimposed on
their regular motion around the galaxy. After scattering inside the cloud, the particle
emerges with energy FEs, momentum py, and an angle of 0y (Figure 1.2 left side). A
Lorentz transformation between the laboratory frame (unprimed) and the cloud frame
(primed), provides an energy change given by:

AE 1 — [Beosby + costly — [F*cosbcostly
E 1—p32

(F2—E1)
Eq

-1 (1.2)
where AFE has been computed as , and the energies in both frames are related
to each other by:

Ej = yEi(1— Beosd) ; By = vE4(1+ Beos b))

being 3 = V/c with V' the cloud velocity.

When averaging over many encounters, (cosf/y) = 0, since the particle direction
is randomized inside the cloud due to many collisions. The average value of {cosf)
depends on the rate at which cosmic rays collide with clouds at different angles, which
is proportional to the relative velocity between the cloud and the particle. With these
conditions, the average growth in energy using Equation 1.2 , is given by:

(AE) 4

L) 4
E _36
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Because of the quadratic dependence on (3, this method is called the 2nd order
Fermi acceleration mechanism. Since 3 < 1!, the average energy gain per collision
with the cloud, is very small.

First order Fermi acceleration mechanism

In this model a supernovae non-relativistic shock is considered but is applicable
to any astrophysical object able to produce strong shock-waves. During a supernovae
explosion several solar masses of material are ejected at a speed of ~10% km/s, that
is faster than the sound speed in the ISM which is ~10 km/s. A strong shock wave
is so that produced with speed V,. The particles are now accelerated when crossing
the shock (Figure 1.2 right side). In this new scheme, (cosf;) ~ -2/3 and (cos#'s) =~
2/3 [5], and now the average energy given by Equation 1.2 is:

<A—Ej?> ~ %ﬁ with (= %
where V), is the supernovae ejection speed. In this case the dependence on  is lineal
(1st order mechanism), so the energy change per collision is higher than in the 2nd
order mechanism model.
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Figure 1.2: Schematic view of the 2nd (left side) and 1st (right side) Fermi accelera-
tion mechanisms where the incoming and the outgoing cosmic ray are represented.

There is a general agreement that the main contribution to the cosmic ray energy
spectrum below the knee is caused by supernova remnants (SNR) following the Fermi
acceleration mechanism. In this frame the maximum energy reachable, for the most
favourable scheme of supernova expansion, is ~100 TeV [6]. So the knee appears as
an energy acceleration limit of these SNR sources. However, as we saw in the Figure
1.1, energies beyond the knee are possible. Cosmic ray origin in the region between
the knee and the ankle is not so clear, and several explanations have been proposed.
In [7], Bednarek and Protheroe consider the galactic population of gamma-ray pulsars

1/8:Z~ 15km/s <1

¢ — 3x10°km/s
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as possible sources. Biermann proposes Supernova shocks that travel down the density
gradient of stellar wind [8]. Supernovae explosions coming from very massive and
hot stars have also been proposed as responsibles of the production of cosmic rays
with energies above the knee [9]. These explosions give an irregular spectrum but this
irregularity can be reduced with the existence of a Giant Galactic Halo.

Concerning the ankle, is well accepted that it is an evidence of the transition from
galactic to extragalactic origin. The energy spectrum beyond the ankle can be seen as
the sum of two components. One galactic, which falls with energy because of the lack
of sufficiently energetic sources and enough magnetic trapping to retain the cosmic ray
flux, and another extragalactic, which follows a power law due to the Fermi acceleration
mechanism until the GZK cut-off.

According to the GZK cut-off, protons above the threshold energy of 10%° eV in-
teract with the 2.7 K cosmic microwave background radiation (CMBR) and lose their
energy via photo-pion production:

p+’yCMB—>7TO+p or 77 +n

The mean free path of these particles is reduced by more than two orders of magni-
tude, therefore, the cosmic rays expected from more than 100 Mpc far away sources are
essentially zero. Events above the GZK cut-off has been observed by telescope array
experiments like AGASA, HiRes and the still in development AUGER. However, only
AGASA has detected higher fluxes than what is expected from the GZK cut-off.

Some theories have been developed to explain the origin of the very high energetic
events. “New physics” models are commonly postulated. For instance, they can be seen
as the products of topological defects [10] or decaying superheavy relic particles [11]
which have to be close to us in cosmological distance terms. Another hypothesis are
focussed on finding a way to evade the GZK effect, or directly to state its non exis-
tence [12] but, in any case, there is still a lot of open questions about the origin of
this kind of events. It seems like we have to wait until the final Pierre Auger Observa-
tory deployment with 3000 km? where around 450 events/year are expected. Neutrino
telescopes can contribute with some clues to solve this puzzled question.

1.2 High energy photon astronomy

Photon astronomy has been done traditionally using visible light of the electro-
magnetic spectrum. However, in order to go deeply into the Universe phenomenons,
astronomy has required to explore all the wavelengths. In our particular case, we will
focus on the high energy photons. Two mechanisms are possible to understand the
acceleration of neutral particles. In the “leptonic models”, photons appear in positron
and electron acceleration by synchrotron radiation, bremsstrahlung and inverse Comp-
ton scattering. In this frame no neutrinos are predicted. On the other hand, in the
“hadronic models”, neutrinos and photons are predicted via meson decays. There are
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two types of processes that lead to the production of these mesons and, therefore, neu-
trinos in the hadronic models: inelastic hadronic interaction (pp) and photoproduction
interactions on photon fields (p7v). In principle, both models (leptonic and hadronic)
can live together. In any case, high energy photon sources are serious candidates to
be also high energy neutrino emitters. Neutrino telescopes will provide cross-checks of
the sources already confirmed by the high-energy gamma-ray detectors.

Many experiments have been devised to explore these high-energy photon sources.
Depending on the detection energy range we can distinguish between spatial-satellite
and ground-based detectors. The satellite instruments operate at MeV-GeV energies
and can detect directly the incident photon. The Figure 1.3 shows the third Energetic
~-ray Telescope (EGRET) Catalog [13], which contains 271 sources being around 170
still unidentified due to poor angular resolution. This task will be followed by future
spatial experiments like GLAST and Agile.

When we try to detect more energetic y-rays (> 100 GeV), the spatial detectors
are not large enough to detect them and the flux is extremely low. The best way
to detect higher energy ~-rays is to use Imaging Air Cherenkov Telescopes (IACT)
which are designed to detect the Cherenkov light emitted in the cascades produced by
high-energy photon interactions with the atmosphere. Amazing results were achieved
with the pioneering telescopes Whipple and HEGRA in the nineties. Currently, a new
generation of TACT telescopes as MAGIC, HESS, VERITAS, etc. is providing many
interesting results about the acceleration mechanisms in the high energy gamma-ray
sources. For instance, the HESS TACT located at Namibia, has detected a set of about
thirty sources above 100 GeV, as AGNs Markarian 421 and 501, Galactic Centre and
Crab pulsar. Some of the sources detected by HESS have also been confirmed by
Whipple and MAGIC.

With this new detection technique, high-energy v-rays have been detected from very
far away sources (900 Mpc) [14]. Hypothetical neutrinos coming from these sources
will provide more information about the origin of the high energy photons and the
models previously commented.

1.3 The case of neutrino

The neutrino hypothesis, proposed by Pauli in 1930, was the only way to save the
energy and angular momentum conservation in the G-decay. It was supposed that there
was a neutral particle with small mass emitted simultaneously with the electron. In
fact, it was originally named “neutron”, but this neutral particle was discovered in
1932 by Chadwick. The main problem with the neutrino was its difficult detection.
They can penetrate several light years depth of ordinary matter before they would be
stopped. Due to this fact, we had to wait more than 20 years for the detection of the
first neutrino (in fact anti-neutrino) in the inverse beta decay reaction by Cowan and
Reines.
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Figure 1.3: Third EGRET catalog with detected ~-ray sources of E > 100 MeV. The
size of the symbol represents the highest intensity seen for this source by EGRET.

UV,+p—cet+n

The first neutrino detection took place in the Hanford nuclear reactor (1953) with
a very high background rate, mainly due to reactor neutrons and ~-rays. After that,
it was detected with better shielding in Savannah River Plant (1955). They used as
target water with cadmium chloride dissolved. The expected signal was a sequence of
two consecutives light flashes separated by few microseconds, one flash coming from the
positron annihilation and the other one coming from ~ radiation of Cd* after neutron
capture. They were able to observe a signal 5 times greater when the reactor was on
than off.

1.4 Neutrino sources

There are a lot of neutrino sources that can be classified according to their ener-
gies and/or origin (see Figure 1.4). Among them, we will concentrate on high-energy
neutrino sources which are foreseen to be detected in neutrino telescopes. We will not
mention neutrinos from artificial sources like reactor or accelerator neutrinos which are
conceived to specific physics goals. We will start with a brief review on solar neutrinos
and will follow with an overview on atmospherical and astrophysical neutrinos. Finally,
other exotic sources will be mentioned.
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Figure 1.4: Indicative neutrino fluxes from astrophysical and terrestrial sources.

1.4.1 Solar neutrinos

The Sun has been the most studied neutrino source due to the fact that is the
closest radiating neutrino object. Another important reason to study the Sun is the
unavoidable link with neutrino oscillations, which are reflected in a solar neutrino flux
deficit.

The standar solar model provides precise estimations about how these neutrinos
appear. Produced in the hidrogen fussion cycle, they cover an energy range from 0.1
to 20 MeV [15]. As we can see in the Figure 1.5, the higher neutrino flux (~ 6x10'

s~lcm™? ) comes from the pp reaction:

p+p—d+et +u, with  F < 0.423 MeV

However, higher energy reactions are preferable in order to detect them, even though
the fluxes are reduced by several orders of magnitude:

8B —8 Be* + et 41, with FE < 15 MeV

or
SHe+p —* He* + et + 1, with F < 18.8 MeV

1.4.2 Atmospheric neutrinos

Atmospheric neutrinos appear as secondary particles in hadronic showers after col-
lisions of primary cosmic protons (mostly) with nuclei in the atmosphere. In these
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Figure 1.5: Neutrino flux versus neutrino energy for different reactions in the sun.

hadronic showers, charged mesons decay into p and v, and subsequently muons decay
and give v, and v,, so that there is an expected average of 2 muon-neutrinos for each
electronic-neutrino.

pyn — (KL ) — 4 ()
!

et + () + ve(ve)

The atmospheric neutrino energies extend from a few MeVs to the energies of the
most energetic cosmic rays. The differential flux for E, > 1 GeV, for v, + v, coming
from meson decay can be written as:

dN,(E,,0) on(E,) { { Znx(1—1)7
dF, (1—=Zyn)(y+1)

. ZNK(l — TK>7
1+ BWCOSQE,,/EJ +0.65 [

1+ BgycosOE, ek

where r; = mZ /m7 for i = (7,K), and the constants B; depend on hadron attenuation
lengths as well as decay kinematics. The Z values contain the physics of production of
the parent pions and kaons. The values for these constants can be found in [16].

The atmospheric neutrinos represent a background signal for neutrino telescopes.
These neutrinos, due to the density of the atmosphere, show an energy spectrum which
falls with a spectral index of v ~ 3.7, which is greater than the ~ 2.2 expected from
the neutrinos produced in cosmic accelerators.
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1.4.3 Astrophysical neutrinos

Astrophysical neutrinos are the most interesting kind of neutrinos to be detected
in a neutrino telescope. Neutrino sources are still hypothetical but, the increasing
number of gamma-ray sources that have been detected by TACT experiments in the
recent years, makes very probable the existence of a neutrino counterpart. They are
supposed to be produced in galactic and extragalactic objects simultaneously with
other high energy cosmic rays, so energies from 1 TeV (10'% eV) to 10* eV, following
distributions similar to primary cosmic rays are expected (see Figure 1.1). According
to their provenance, they can be classified as galactic or extragalactic sources:

Galactic neutrinos

There are a lot of galactic objects that, being less powerful than the extragalatic
sources, represent promising candidates for neutrino sources. Among them, it is worth
mentioning: supernovae, binary systems, microquasars and the Galactic Centre.

e Supernovae:

Supernovae are the products of star explosions after their death. These explosions
are relatively rare events in our own galaxy and they happen once a century in
average. They are very energetic and emit big amounts of energy in form of
gamma rays and neutrinos. However, these neutrinos are not enough energetic
(typically E ~ 10 MeV) to be detected by neutrino telescopes. Nevertheless,
high-energy neutrinos can be produced during the relatively short period after
the explosion. Depending on its mass, a supernova can create a neutron star, a
pulsar, a binary system, etc. or even a black hole if its mass is greater than 3 M.
The remains of exploded stars are called supernova remnants (SNR). They are
made of hot gases that have been hurtled into space by the force of the supernova
explosion. These remnants can be thousands of years old and many hundreds
of light years wide. All these components provide different scenarios for particle
acceleration. Supernovae coming from massive stars (Type Il supernovae) can
create shock waves that are able to accelerate protons above 10 TeV. Some models
predict [17] up to 100 events in a km? detector coming from a ~10 kpc far away
supernova source.

Gamma rays with energies above ~1 TeV have been observed from spherical
supernova remnants such as SN1006, Cas A and SNR RX J1713.7-3946. Recently,
the HESS collaboration has reported a TeV ~-ray image of the SNR RX J1713.7-
3946 [18], placed on the Galactic plane, in the Scorpius constellation. This SNR
is hitting a molecular cloud of density higher than 100 cm™3, and gamma-rays
up to energies of 10 TeV has been observed. This requires an extremely effective
accelerator boosting particles up to energies of at least 100 TeV. In this frame,
TeV emission can originate from different processes. In particular, neutral pion
decays after pp interaction can contribute significantly on the high density regions.
A flux of neutrinos from charged pions should be also produced in this case.



24 CHAPTER 1. HIGH-ENERGY NEUTRINO ASTRONOMY

More different scenarios to accelerate particles are possible. For instance, the pul-
sar wind nebulae or Plerions. In this case, the radio, optical and X-ray emission
observed is likely due to synchroton emission (Figure 1.6). The most important
example of Plerion is the Crab nebula in the Taurus constellation, which is the
result of a supernova explosion in 1054. It contains a rapid pulsar inside which
rotates with a 33 milliseconds period and a spin-down luminosity of 5 x 1038 erg
s~!. Crab nebula emits in a wide electromagnetic spectrum up to TeV gamma-
rays, as it has been showed by HESS [19] and MAGIC [20]. For this kind of
young nebulae, assuming pp collisions, from 1 to 12 events are expected in a km?
neutrino detector in the energy range E, ~ 1-100 TeV [21].

Figure 1.6: A composite image of the Crab Nebula showing X-ray in blue, optical in
green, and radio in red.

Another special case are neutron stars whose magnetic field is so huge (~ 10 G)
that radically alter the material within them. These objects are called magnetars.
In this scenario, magnetic stresses are slowly building up. At some point the
solid crust is strained beyond its limit and it fractures. This “starquake” creates
a surging electric current which decays and leaves behind a hot fireball. The
fireball cools by releasing X-rays from its surface. It evaporates in minutes or
less [22]. These objects are repeating flashes of soft (low energy) gamma-rays
(SGR), and have been proposed as TeV neutrino sources through photomeson
interactions [23].

e Binary systems:

Binary systems are two stelar objects orbiting around a common center of mass.
The most powerful case is when one of them is a collapsed object such as a white
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dwarf, a neutron star, or a black hole. The separation between the stars is small
enough so that matter is transferred from the normal star to the compact ob-
ject through an accretion disk. These objects mainly emits X-ray in the process
(X-ray binaries). Neutron stars are known to have very strong surface magnetic
fields (10'? G) and sometimes millisecond periods. Both, the accretion and the
magnetic dipole radiation are possible energy sources. The existence of high mag-
netic fields and plasma flows creates the environment necessary for the formation
of strong shocks, and the corresponding particle acceleration. Calculations of the
neutrino flux expected from Cygnus X-3 give a total upward going muon events
between 50 and 100 per year for a 0.1 km? fully efficient detector [24].

e Microquasars:

These objects have the same nature than the AGNs (see section 1.4.3). The main
difference is that they are less powerful, but closer to us. These systems consist
of a compact object (a neutron star or a black hole) and a companion star. In
principle, they are like binary systems but with the characteristic of having radio
jets. The compact object accretes matter from the companion star with resulting
ejection of plasma into the jets. The neutrino production in these objects should
follow the behaviour of AGNs that will be showed in the next section. Esentially,
if hadronic processes are present, neutrinos should be emitted from microquasars.

The expected number of events coming from microquasars depends on the source
properties as distance, angle of sight, luminosity, etc. The flux values expected
for >1 TeV neutrinos are showed in the Figure 1.7 left [25]. A plot with the
convolution between the predictions and the ANTARES effective area is showed
in the Figure 1.7 right [26]. The largest expected fluxes are from the persistent
sources SS433 and GX339-4.

e Galactic Centre:

Placed in the Sagittarius constellation, the Galactic Centre is the most interesting
hypothetical source of neutrinos in the galaxy. There, we can find hundreds of
white dwarf stars, neutron stars, and a supermassive black hole in the centre.
All these potential sources have been already confirmed in gamma-ray emission
by EGRET in the GeV range, and more recently by the HESS collaboration for
TeV scale [27]. The Galactic Centre especially has a great interest for ANTARES
telescope since its location allows it to be observed.

Extragalactic neutrinos

Extragalactic objects are the most energetic sources in the Universe. We will men-
tion AGNs and GRBs which are nowadays confirmed emitters of energetic gamma-rays
and potential neutrino sources. Neutrinos have the advantage of being the only par-
ticles which could escape from the dense core of these sources (black hole typically).
Photons are not able to scape because of the very high optical depth inside.
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Figure 1.7: Expected flux for some galactic microquasars (left side). Event rates in
the ANTARES detector for some microquasars assuming hadronic origin (right side).

e Active Galactic Nuclei: Basically, the AGNs are galaxies where enormous
amounts of energy are emitted. The accepted AGN standard model consists of an
internal supermassive black hole (10° - 10™ M) with an accretion disk, where
dust and gas are accumulated. The black hole accretes matter and produces the
jet emission from their centre. There are several types of AGNs according to their
emission properties, like luminosity or main wavelength emission (Seyfert Galax-
ies, Quasars, LINERs, Blazars, etc.). However, it is thought that all of them are
the same phenomenon seen from different relative angles and in different ages
(see Figure 1.8 right). A huge emission is produced in X-rays and ~-rays as has
been confirmed by EGRET. Apart from photons, neutrinos are also expected to
be produced if the acceleration mechanism is based on hadronic models. In [2§]
G.C.Hill presents some models for the expected flux. Typically, the number of
muon events per vear in a detector with an effective collecting area of 2 x 10%
m?(0.02 km?) would be according to Stecker et.al [29]: ~60 events above 1 TeV,
and ~40 above 10 TeV. However, according to Protheroe model [30] ~10 events
above 1 TeV, and ~6 above 10 TeV are expected. This should be compared with
an atmospheric neutrino background of 225 (1 TeV) and 5 (10 TeV) per year.

However, because of the last AMANDA observations, these fluxes have been
reconsidered. In fact, a lower expected flux is presented by Stecker in [31].

e Gamma-Ray Bursts:

Discovered accidentally by US military satellites in 1967, GRBs are extremely lu-
minous events. They have luminosities ranging from ~ 105! erg s=! to 10%* erg s+
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Figure 1.8: Sketch of a AGN (left side). Different types of AGN depending on the
sight angle (right side).

assuming isotropic emission. However, if the burst is beamed in a particular di-
rection, as is nowadays presumed, the outflow is lower. They emit very fast (from
milliseconds to several minutes of duration) flashes of y-rays, followed typically
by several days of X-ray, optical and radio emission afterglow. Unlike the AGNs,
they occur at apparently random positions in the sky several times per day, so it
is not possible to predict when or where they will occur. GRBs can be divided
in short hard-spectrum bursts (SHB) with a duration shorter than two seconds,
and long soft bursts with more than two seconds of duration. Althought our
knowledge has increased meaningfully in the last years thanks to Swift (NASA’s
multi-wavelength observatory dedicated to the study of GRBs), the origin of the
GRBs is still unclear. Suggestions going from the collapse of a super-massive
star to the merging of two compact objects as neutron stars have been proposed.
There are two models which try to explain the GRB behaviour. In the leading
model, a fireball expanding at relativistic energies and powered by radiation is
produced from the central engine [32]. The GRB takes place as the result of
internal shock waves produced when faster shells in the expanding material over-
takes early and slower shells. In the cannonball model [33], a collapsar scenario is
assumed where an accretion disk is created. Each time part of this accretion disk
falls into the compact object, a relativistic cannonball is ejected and collides with
the surrounding expanding shell originating the GRB. The Swift’s observations
for SHB fit well with the fireball model. However, X-ray flares in some afterglows
observed by Chandra are not well understood in this scheme. On the contrary,
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this effect can be better explained with the cannonball model.
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Figure 1.9: Sketch of a GRB explosion.

In the fireball model, a significant fraction of the fireball energy is converted
into an accompanying burst of 10* eV neutrinos [35] created by photomeson
production of pions in interactions between the fireball ~-rays and accelerated
protons. The neutrino burst is produced by the interaction of protons with
energies much lower than ~10?° eV (the maximum energy that protons may be
Fermi accelerated in GRBs). Although the rate of GRB neutrinos is comparable
to the atmospheric neutrino background, we should be able to distinguish them
because of their correlation in time and angle with GRB ~-rays. The expectations,
depending on models, are from 10 to 100 neutrino events reaching the Earth
correlated with GRB emission in a km? neutrino detector [34].

1.4.4 Diffuse neutrinos fluxes and bounds in extragalactic sources

With neutrino telescopes smaller than a km? is not trivial to find clusters of de-
tected events pointing to individual neutrino sources. However, one possibility to prove
the existence of high energy extragalactic neutrinos, is to detect the neutrino flux of
unresolved cosmic sources. Depending on the model, the expected rate for this diffuse
flux in a 0.1 km? (e.g. ANTARES) is from 1 to 100 events per year [39]. This signal can
be identified as an excess above the atmospheric neutrino background of high energy
events. The main candidates to produce this diffuse flux are GRBs and AGNs.
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Several constraints to the diffuse flux has been analyzed in the literature. E.Waxman
and J.Bahcall gives an upper limit from the cosmic ray observations of £ ~10%eV (WB
bound). In this upper bound, the decay of charged pions produced by photo-meson
interactions, is considered the neutrino production mechanism. According to the au-
thors, this upper bound is model independent and can not be avoided by cosmological
evolutionary effects or invoking magnetic fields [40]. In the calculation it is also con-
sidered that the mean free path of high-energy cosmic rays for pion production is not
much larger than the source size (AGN jets, and GRBs). The sources are transparent
to high-energy neutrinos and have a generic £~2 energy spectrum typical of schock
acceleration. The value for this upper bound is:

E%®, < 1.5 x 1078, GeVem 2s™'sr!

where &, is a dimensionless parameter which depends on the cosmological evolution of
the source. Evolution of star formation rate yields &, & 3, on the contrary &, ~ 0.6 for
no evolution.

Recently A.Loeb and E.Waxman have proposed a lower bound from observations
of starburst galaxies (galaxies experiencing a period of intense star forming activity,
e.g. M82) [41]. According to them, the cumulative background of GeV neutrinos is:

E2®, ~ 1077 GeV cm 2 57t sr7!
which can be extrapolated to higher energies as:
B2, o E,;015501 up to B, ~ 0.3 PeV.

This neutrino flux, comparable to the WB upper bound (Figure 1.10), is not in prin-
ciple unexpected because it comes from sources optically thick. For a 1 km? detector,
between 10 and 100 events with E, > 100 TeV are expected per year.

1.4.5 Dark Matter

Dark matter is the generic name to refer to the matter particles of unknown com-
position which have the property of do not emit or reflect enough electromagnetic
radiation to be detected. We know about their presence indirectly from gravitational
effects on visible matter such as rotational speeds of galaxies. Moreover, recent Chan-
dra observations have given direct evidences of dark matter existence via optical means
in a collision of two large clusters of galaxies.

Dark matter can not be explained with nowadays known particles. Even considering
the mass of the neutrinos, the matter is not enough to explain the gravitational effects
seen. The models proposed to explain its origin assume that most of the dark matter
is primarily non-baryonic, which includes new elementary particles such as WIMPs
(weakly interactive massive particles) and axions.



30 CHAPTER 1. HIGH-ENERGY NEUTRINO ASTRONOMY

10~

A\
\
A\
\
\

A\

[Ge¥iem™ s sr

EX D

Figure 1.10: The shaded region brackets the range of plausible choices for the spec-
trum of the neutrino flux expected from observations of starburst galaxies. WB bound
is also plotted, as well as the experimental upper bound of optical Cherenkov detectors
(dashed lines) and atmospheric neutrino background.

In this sense, the lighest supersymmetrical particle (LSP) is one of the best WIMP
candidates to explain the dark matter origin. This LSP, which is the neutralino in
most supersymmetric models, would be stable if R-parity is conserved. They should
be captured by massive bodies as the Earth, the Sun or the Galactic Centre due
to scattering, and accumulate in their centres. Once the density increases enough,
annihilation into fermion-antifermion would give rise to an observable neutrino flux at
a given energy. The detection of this flux would provide an enourmous step in the
determination of the nature of dark matter.

1.4.6 Other neutrino sources

The neutrino sources described in the previous sections are clear examples of the
bottom-up acceleration mechanisms. Apart from that, there are the so-called top-down
models. In these top-down models, the highest-energy cosmic rays are asssumed to be
the decay products of cosmological remnants or topological defects associated to super-
heavy particles with GUT-scale masses. Most of these models have been proposed in
order to explain the origin of the events above the GZK cut-off detected by experiments
like AGASA. For the time being, there is no any evidence in the y-ray detectors of their
existence.

For instance, in the Z-burst model, UHE neutrinos annihilate with relic neutrinos
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from the cosmic neutrino background. A Z boson resonance is produced which decays
into high-energy protons as primary products and neutrinos as secondary products.
They can be created close enough (< 100 Mpc) to avoid the GZK cut-off. Resonance
energy, boson mass and neutrino rest mass, are connected by:

M2

Eres =
2m,,

Calculations with an energy of 4 x102?2 eV for the primary neutrino, implies that the
relic neutrino mass should be ~ 0.1 eV, which is compatible with the cosmological upper
bounds on the neutrino mass. However, serious constraints concerning primary proton
acceleration and neutrino luminosity at the sources, disfavour the Z-bursts models [36].

In other models, a combination of Z-bursts and superheavy dark matter (SHDM)
decaying exclusively to neutrinos can avoid this problem and provide the theoretical
expected fluxes [38].

1.5 Neutrino oscillation

One important neutrino intrinsic property to take into account when doing neutrino
astronomy is neutrino oscillation. Neutrino oscillation is the clear evidence of the
neutrino mass. Oscillations from one flavour to another are due to the fact that the
states produced by the weak interaction are not eigenstates of the mass matrix but a
linear combination of them.

3
Va) = Z Uailvi)
i=1
where a = e, u, 7 and i = 1, 2, 3.
Adding the time evolution to the state:
3

|Va<t)> = Z Uai |I/@<t)> = Z Uai e—iEit

If we consider only two neutrino states, the oscillation probability between these
two states as a function of the source distance is given by:

Vi>

P,z = sin*(260) sin® (1.27%Am2)
where Am? = (m2 — m3) in eV?, L is the distance between the neutrino source and
our detector in meters and F is the neutrino energy in MeV. As it is showed in the
previous formula, oscillations takes place if m, # 0 and also Am? # 0.
Neutrino oscillations have to be considered when computing neutrino fluxes from
extraterrestrial sources. For instance, in pion decay the ratio for electron, muon and
tau at the source is v.:v,:v; ~ 1:2:0. Taking into account oscillations, it is expected
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that the rate turns out to be v.:v v, ~ 1:1:1 due to the large distances from the
sources.

1.5.1 Experimental evidences

The strongest evidence of neutrino oscillation was showed by the SNO (Sudbury
Neutrino Observatory) collaboration [42] in 2001. The experiment measured the B
solar neutrino flux using a water Cherenkov detector located at a depth of 6010 m
of water equivalent in the Creighton mine. In this experiment, a non-v, component
was detected with 5.3 o greater than zero, providing a strong evidence for solar v,
transformation.

More recently, the K2K collaboration has presented data where no neutrino oscil-
lations are excluded within 4o (0.005 %) [43]. This experiment uses a v, (at 98%)
beam produced in KEK neutrino accelerator. This beam, which has a mean energy of
1.3 GeV, is sent to Super-Kamiokande which is located 250 km from KEK. The aim
is to detect the disappearance of v, (presumed to have oscillated to v,) depending on
the energy. For this purpose two detectors are used, one of 1 kiloton water Cherenkov
placed 300 m close to the beam source, and another one of 50 kiloton water Cherenkov
(Super-Kamiokande). A distortion of the neutrino energy has been observed as well as
a deficit in the total neutrino number. The data best fits provide values of sin?20 =
1.0 and Am? = 2.8 x1073 eV?2.

Neutrino oscillations
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Figure 1.11: Variation of neutrino survival probability as a function of L/E with
Am? = 2.8 x107% eV? and sin?20 = 1.0

The neutrino telescopes can help in the oscillation parameter estimation, because
they can detect the flux reduction occurring for muon neutrinos generated by cosmic
ray interactions at the top of the Earth’s atmosphere. That effect has already been
confirmed by Super-Kamiokande. Therefore, neutrino telescopes will provide an inde-
pendent measurement in the region 60<L/E<1250 km/GeV, which would help in the
neutrino oscillation interpretation.
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