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Resumen

La astronomia de neutrinos es un campo en auge dentro de la ddsica
Astroparticulas. Los neutrinos ofrecen grandes ventajas como gamdasstudiar el
Universo lejano y de alta energia. En la comunidad cientificaxtessamente
aceptado que mediante la combinacién de la informacién que proporcionan los
neutrinos junto a la obtenida mediante fotones de alta energia (fayoma) y
particulas cargadas (rayos cosmicos) se podria obtener una imégeampleta de

los procesos astrofisicos fundamentales que tienen lugar agto der nuestro
Universo. Ademas, los neutrinos también proporcionan el Unico medio de entende
algunos aspectos de la Fisica de Particulas. La prueba experideergak los
neutrinos tienen masa y de que sufren mezcla de sabores procedervie mimses

realizadas en los primeros telescopios de neutrinos.

La raz6n fundamental por la que los neutrinos son tan altamentedesiaamo
mensajeros es la baja interaccién con el medio que los rodea. gertieulas sin

carga interactian muy débilmente con la materia, por ello puedapaese de la
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fuente donde se han producido y, al contrario de lo que ocurre cestelde
mensajeros, pueden llegar a la Tierra sin ser desviados pornips caagnéticos y

sin practicamente pérdida de energia. Esta misma razén que |darhaetorados

es a su vez la que los hace tan dificiles de detectar.ddduizja interaccion con la
materia se impone la necesidad de construir detectores con gvahidasnes de
deteccion, del orden del Rpaltamente instrumentados. Para ello se utilizan medios
naturales (en el fondo del mar, en lagos o en enterrados etoaldia Antartida)
aprovechando el agua (o hielo) como material diana donde se gspéanteraccione

el neutrino. ANTARES (Astronomy with a Neutrino Telescope and #bys
environmental RESearch) es el primer telescopio submarino de neutrinos donstrui
en el fondo del mar Mediterraneo. Fue desarrollado por un consorcio internacional y
financiado con fondos europeos y de los distintos paises colabora@ddTesRES

esta optimizado para la deteccion 6ptica de la luz Cherenkov ingharittes muones
relativistas producidos en la interaccion de neutrinos de alta @nergilos
alrededores del detector. La informacion de la carga, posicionpdidellegada de

los fotones a los fotomultiplicadores que componen el detector peanite la
reconstruccion de la trayectoria del neutrino, con una alta resolghhar, como

el conocimiento de su energia. Ademas, ANTARES acoge el experimento
AMADEUS (Antares Modules for Acoustic DEtection Under Seajliante el cual

se esta investigando y testeando la deteccién acustica de ned&imogy alta
energia que, al interaccionar en el agua, producen un pulso ternmioeaqust se

pretende registrar con una red de hidr6fonos.

El trabajo desarrollado en esta tesis se engloba bajo ebrdat experimento
ANTARES, por ello es el tema desarrollado en el Capitulo 1 a modo de
contextualizacion. Como es comun en las tesis desarrolladas en esteanpeel
trabajo se ha dividido en dos areas diferenciadas: por un lado, tmae@anfoque
mas tecnoldgico y, por otro lado, una parte analitica de datos tomada& por

telescopio. Por su contexto y el caracter de las actividaalesadas ha sido necesaria



Resumen

la formacién en distintos campos: telescopios de neutrinos, adirajees;tfisica de
particulas. Ademas, se ha desarrollado diversas capacidadéseyatesn diversos
ambitos como instrumentacion, aplicaciones informaticas, técnicasndéacion,

analisis masivo de datos.

La primera parte de la tesis esta centrada en el desaleallp calibrador capaz de
reproducir la sefial acustica que se emite en la interaccion deutnno de alta
energia con un ndcleo de agua que, generalizando, es un pulso bipolantalta
directivo. El disponer de un buen calibrador es clave a la hora de testeactiotet
acustica en el telescopio y poder sintonizar y “entrenar” los receptoressfatgpo

de sefnales.

En el Capitulo 2 se describen los procesos que intervienen en la emisidaataist
neutrino y las condiciones de propagacion y ruido ambiental preserdésiterde
ANTARES. Asimismo se introduce el concepto de fuentes acsigi@ameétricas
que serd el punto de partida para el disefio del calibrador. Eapélulc 3 se
describen y se presentan los test iniciales realizados yate@ela posibilidad de
usar la técnica de fuentes paramétricas para reproduaraeteristico pulso acustico
generado por el neutrino. Este trabajo supuso realizar estudios piongeogideion
paramétrica en casos con simetria cilindrica y sefalestdraasy demostraron el
potencial de esta técnica para el desarrollo de un calibrador ctonppaa deteccion
acustica de neutrinos. En el Capitulo 4 se presenta el prototipatladarunarray
de tres elementos ensamblados en una estructura compacta,sy teslizados al
mismo. Este es capaz de operar en dos rangos frecuencialesamaimessi su
funcionalidad pudiéndose utilizar tanto desde el fondo del mar como operado desde

un barco.

La segunda parte de la tesis, con caracter de andlisis de datascentrado en el
analisis de datos registrados por ANTARES con el fin de comtqassibles modelos
astrofisicos para la blusqueda de materia oscura. Este trabffjoalizado en la

deteccion de los productos de la aniquilacion de materia oscura ateapeldzentro
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del Sol. En concreto, se ha testeado el modelSedtuded Dark MattefSDM) a
través de la deteccion de di-muones (pareja de muones co-lineales) y nentlnos e
direccién del Sol. A grandes rasgos, este modelo se basa en le idesxistencia

de un mediador resultado de la aniquilacién de materia oscura quéopo&ee
decaeria en particulas del modelo estdndar como muones o neutrinosdekstios

han sido propuestos con el fin de explicar ciertas ‘anomalias’ imqrdales
observadas, tales como el espectro del flujo de positrones detentadtéktes,
medido recientemente con gran precision por AMS-II. El estudizagalien esta
tesis constituye la primera blsqueda de evidencias experiesed&aeste tipo de

modelos en telescopios de neutrinos.

En el Capitulo 5 se resumen las evidencias de la presenciaet@arnacura en el
Universo asi como los actuales métodos de deteccion de la niiamaién se
recogen las busquedas de materia oscura realizadas con ANTARE®t&s en el
Sol, y se introducen las caracteristicas del modelo de SDMapgltulb 6 esta
dedicado a la descripcién de la metodologia y herramientas utiizmda este
andlisis. Se detalla el funcionamiento del cddigo creado paimidacion de la
generacion de di-muones provenientes del decaimiento del mediador gcicaet
por ANTARES con objeto de conocer la respuesta del detectte ipessde sefial.
Para finalizar, el Capitulo 7 recoge el proceso de analisifodalatos y su
interpretacion en términos de busqueda indirecta de SDM. Dado gesidtados
obtenidos en el analisis no indican un exceso de sefial sigudisathan establecido
experimentalmente los primeros limites a modelos SDM erctgles de neutrinos.
Los limites impuestos a estos modelos son los mas restrigiimgxisten en la
actualidad para un buen rango de valores de los pardmetros a considsaade la
materia oscura, masa del mediador y vida media de este Ultishquuas, estos
resultados mejoran y/o complementan limites realizados por otitoslosg tales
como la deteccion directa de materia oscura o deteccién indaectvés de la

busqueda de positrones o rayos gamma.



Resum

L’astronomia de neutrins és un camp en auge dins la Fisica d’Asicafes. Els
neutrins ofereixen grans avantatges com a sondes per estudiaetdJtinya i
d’alta energia. En la comunitat cientifica esta extensamesp&t@ue mitjancant la
combinacié de la informacié proporcionada pels neutrins junt a la obtinguda
mitjancant fotons d’alta energia (rajos gamma) i particulesgates (rajos coOsmics)

es podria obtindre una imatge més completa dels processos astfofisimentals

gue es donen al llarg del nostre Univers. A més, els neutrirs tanporcionen
I'dnic mitja d’entendre alguns aspectes de la Fisica de ®lagiclLa prova
experimental de que els neutrins tenen massa i de que pateixda deesabors

prové de les observacions realitzades als primers telescopis de neutrins.

La radé fonamental per la qual els neutrins sén altament vatanaites missatgers és
la baixa interacci6 amb el medi que els envolta. Al ser paticsnse carrega
interactuen molt debilment amb la materia, per aixd poden escagarasdont on

s’han produit i, al contrari del que ocorre amb la resta de missatgers, poden arribar a
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La Terra sense desviar-se pels camps electromagnétitsei geicticament pérdua
d’energia. Aquesta mateixa rad que els fan tan valorats eg@ikrtemps la que els
fa tan dificil de detectar. Degut a la seua baixa interaccié amb ldarsitgposa la
necessitat de construir detectors amb grans volums de deteckadddedel kn?,
altament instrumentats. Per aix0 s’utilitzen medis naturaler{alde la mar, en llacs,
al gel de I'Antartida) aprofitant l'aigua (o el gel) com a matediana on
interaccionen el neutrins. ANTARES (Astronomy with a Neutrino S@ipe and
Abyss environmental RESearch) és el primer telescopi submari de neorstrsit

al fons de la mar Mediterrania operat per un consorci internddioreacat amb fons
europeus i dels diferents paisos col-laboradors. ANTARES estateatiper a la
detecci6 optica de la llum de Cherenkov induida pels muons rekgipistduits en
la interaccié de neutrins d'alta energia als voltants dektmt La informacio de la
carrega, posicio i temps d'arribada dels fotons als fotomultiplisagloe composen
el detector permet tant la reconstruccio de la trajectdrizeddri, amb gran resolucié
angular, com el coneixement de la seua energia. A més, ANTARES acul
l'experiment AMADEUS (Antares Modules for Acoustic DEtectibimder Sea)
mitjancant el qual s’esta investigant i testejant la defexmistica de neutrins de molt
alta energia, que, al interaccionar a I'aigua produeixen un pois-&custic que es

pretén registrar amb una xarxa d’hidrofons.

El treball dut a terme en esta tesi s’engloba baix el mdtexgeeriment ANTARES,
per aix0 es el tema desenvolupat en el Capitol 1 a mode de coitiatialCom es
comu en les tesis desenvolupades en aquest experiment, el thebdiVlit en dues
arees diferenciades: per una banda una part d’enfocament mesdechal’'altra
banda, una part analitica de les dades preses pel telescepil Behtext i el caracter
de les activitats realitzades, ha sigut necessaria la ¢@rrea distints camps com:
telescopis de neutrins, Fisica d’Astroparticules, etc. A m@Esas”han desenvolupat
diverses capacitats i destreses en diferents ambits dostrlamentacié, aplicacions

informatiques, técniques de simulacio, analisi massiu de dades, etc.



Resum

La primera part de la tesi esta centrada en el desenvolupament d’un calibypagor ca

de reproduir la senyal acustica que es genera en la intedagtideutri d’alta energia
amb un nucli de l'aigua que, generalitzant, és un pols bipolar altamentiwir
Disposar d’'un bon calibrador es clau a I'hora de testejar ladi@tacustica al
telescopi i poder sintonitzar i “entrenar” els receptors a aquest tipus @dsseny

Al Capitol 2 es descriuen els processos que intervenen eadiéracustica del neutri
i les condicions de propagacio i soroll ambiental presersiteal’ ANTARES. Aixi
mateix, s'introdueix el concepte de fonts acustiques parametriqussrmueel punt
de partida per al disseny del calibrador. En el Capitol 3 esuléessrpresenten els
tests inicials realitzats per avaluar la possibilitat titeéir la técnica de fonts
paramétriques per a reproduir el caracteristic pols acéstarat per el neutri. Aquest
treball va suposar realitzar estudis pioners de generacié pacangdt casos amb

simetria cilindrica i senyals transitories. En el Capit@s4presenta el prototip

desenvolupat, uarray de tres elements assemblats en una estructura compacta, i els

tests realitzats al mateix. Aquest és capac d'operar endadiigxa i alta freqiiéncia

per augmentar la funcionalitat tant per al seu Us en telescopis de neutrins dem des

campanyes marines operat des del vaixell.

La segona part de la tesi, amb caracter d’analisi de dades, s’ha cenaabksi He
les dades registrades per ANTARES amb el fi de contrastaiblesssnodels
astrofisics per a la recerca de matéria fosca. Aquéstiites centra en la deteccio
dels productes d aniquilacié de materia fosca atrapada al dehel. En concret,
s’ha testejat el model d&ecluded Dark MattefSDM) a través de la deteccio de di-
muons (parell de muons co-lineals) i neutrins en la direccié delASgians trets,
aquest model es basa en la idea de I'existencia d"un medisdltatrde I'aniquilacio
de matéria fosca que posteriorment decauria en particulesodel estandard com
muons 0 neutrins. Aguests models han sigut proposats amb la fi d’ex@ites
“anomalies” experimentals observades, tals com l'espectréuele positrons

detectat en satél-lits, mesurat recentment amb gran preciskM&Il. L'estudi
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realitzat en esta tesi constitueix la primera recercaidacies experimentals

d’aquest tipus de models en telescopis de neutrins.

Al Capitol 5 es resumeixen les evidencies de la presenciatdeafosca a I'Univers
aixi com els actuals metodes per a detectar-la. També wdlemeles recerques de
matéria fosca realitzades amb ANTARES, entre altreokli S’introdueixen les
caracteristiques del model de SDM. EI Capitol 6 esta dedliatlescripcio de la
metodologia i ferramentes utilitzades en I'analisi. Es dethflancionament del codi
creat per a la simulacié de la generacié de di-muons provinenteckiment del
mediador i la seua deteccié per ANTARES amb I'objecte de corlaixesposta del
detector a aquest tipus de senyal. Per a finalitzar, el Capécull el procés d’'analisi
de les dades i la seua interpretacio en termes de deimdicétta de SDM. Donat
gue els resultats obtinguts de I'analisi no indiquen un excés de samyifitatiu,
s’han establert experimentalment els primers limits a m@i2M en telescopis de

neutrins. Els limits imposats a aquests models sén els méstitestjue existeixen

en la actualitat per a un bon rang de valors dels parametres a considerar: Bemassa

la matéria fosca, la massa del mediador i la vida mitjeaué’st. Aixi doncs, aquests
resultats milloren i/o complementen els limits realitzatsgitres métodes, tals com
la deteccié directa de materia fosca o la deteccié indieettavés de deteccid de

positrons o rajos gamma.



Summary

Neutrino astronomy is a booming field in astroparticle physics. Due to theupartic
characteristics of neutrinos, these particles offer greantalyes as probes for the
study of the far and high-energy Universe. Moreover, it is exelgsaccepted by

the scientific community that a multi-messenger approach witlsdhwination of
information provided by neutrinos, photons and charged particles (cosmjcisay
possible to obtain a more complete image of the fundamental astrophysics processes
taking place in our Universe. Furthermore, neutrinos also provide a unayu®
understand some particle physics principles. As an example, thenessdéhat
neutrinos have mass and flavour mixing did come from observations ifirghe

neutrino telescopes.

Since neutrinos are neutral and very weak interacting particky can reach the
Earth from astrophysical sources without deflection by magnetasfand almost
without energy losses and absorption, contrarily to the rest of messengerdiérhe ot

side of the coin of neutrino properties is that detection of neutsnasy challenging
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and big highly instrumented detection volumes are needed. Natural mediaédeep
lakes or ice in the Antarctica) host this kind of experiments ubagvater (or ice)
as target material where the neutrino interaction is producetdARNS (Astronomy
with a Neutrino Telescope and Abyss environmental RESearch) issthenidersea
neutrino telescope, located at 2475 m depth in the Mediterranean Bas.béen
built by an international collaboration with funds from European Uniod an
participating countries. ANTARES is optimized for optical deteatitthie Cerenkov
light induced by relativistic muons produced by high energy neutrino intaract
near the detector. The charge, position and arrival time of therghtat the optical
modules which compose the detector allows the muon track reconstraciibiinus,
knowing the neutrino coming direction with high angular resolution. Some
information of the event energy is also derived. In addition, ANESRs also
hosting the AMADEUS (Antares Modules for Acoustic DEtectionder Sea)
experiment which is investigating the feasibility of the acousiection of Ultra-

High Energy (UHE) neutrinos.

The framework of this thesis is the ANTARES experiment. Indéisse, Chapter 1
describes the telescope and is dedicated to contextualize the Agodommonly

done in the thesis developed in this experiment (and in this field), the work has been
divided in two different areas. On the one hand, a part more devoeahtmlogical
aspects related to the detector and, on the other hand, a part dedicated to ANTARES
data analysis. For the context and the characteristics ofcthvities performed,
training in different fields has been necessary: neutrino telescagéoparticle
physics, etc. Moreover different skills have been developed #s sueh as
instrumentation, computer applications, simulation techniques, massiee dat

analysis, etc.

The first part of the thesis is focused in the development ofilaratar able to
reproduce the acoustic signal generated in the UHE neutrino intenadticen water

nucleus which, roughly speaking, generates a highly directive bipalasticpulse.



Summary

Having a good calibrator is crucial to test and tune the telesespense for this

kind of signals.

Chapter 2 describes the processes that intervene in the aemissmn due the UHE
neutrino interaction, the propagation conditions and background noise existirg i
ANTARES site. The concept of parametric acoustic sourcatsdsintroduced as
starting point for the calibrator design. The initial tests peréal to evaluate the
parametric acoustic technique for the generation of the chastictesicoustic
neutrino pulse are presented in Chapter 3. These works were pionieethmg
parametric generation of transient signals using cylindrical strgrtransducers and
demonstrated the applicability of this technique for the developmemicofmpact
acoustic neutrino detection calibrator. Chapter 4 is devoted toluke#uei design and
tests of the prototype developed, a three element array assemldedompact
structure. It is able to operate in low and high-frequency modes tease the

functionality for both possible uses: in deep-sea or being operated from a vessel.

The second part of the thesis, the data analysis part, iedémtthe analysis of the
ANTARES data in order to constrain possible Dark Matter modédis Work is
focused on the detection of products resulting of the Dark Matter atithitrapped
in the centre of the Sun. Specifically, the Secluded Dark MgeM) model has
been tested by the detection of di-muons (co-linear muon pair) ameldrinos
coming from Sun direction. Broadly speaking, this model is based odeh®f the

existence of a mediator resulting of the Dark Matter annihilatidmctvy

subsequently, would decay into standard model particles as muons or neutrinos

These models have been proposed in order to explain some experinmesrialias”
observed, such as the electron-positron ratio spectrum deteciellites, measured
recently with high accuracy by AMS-II. The study of this thesisstitutes the first

search of experimental evidences of this kind of models in neutrino telescopes.

The evidences of the Dark Matter in the Universe and the metbatitect it are
reviewed in Chapter 5. Dark Matter searches in ANTARE® teen summarized,
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among others, the ones using the Sun as source. The SDM modelecisdicectre
also introduced. Chapter 6 describes the methodology and tools usedmathsss.
A dedicated code has been developed for the simulation of di-muon generation from
mediator decay, and its detection in ANTARES, in order to know thectde
response to this kind of signal. To finalize, Chapter 7 deals witkldtee analysis
process and the interpretation in terms of indirect SDM search. Since thesaamcl
of the analysis is that there is not a significant signal extiests to SDM models
in neutrino telescopes have been established being the firghtittbese models are
constrained in neutrino telescopes. The imposed limits to these naoeléle more
restrictive ones for a wide range of values of the parantetemsider: Dark Matter
mass and mass, and lifetime, of the mediator. Therefore, ttsests improve and/or
complement the limits obtained by different methods, such as DaiterMhrect

detection or positron and gamma ray indirect detection searches.



1

Framework of the thesis:
ANTARES Neutrino Telescope

In this Chapter the importance of the neutrinos and its detectitimef&nowledge of
the Universe will be reviewed. The ANTARES neutrino telescape framework
of the work carried out during this thesis, will be presented. ignt#fic aims and
the detection methods will be described, including the infrastrudadieated to test
the acoustic detection of neutrinos. To finalize, the KM3Net neutetescope,

which is currently being deployed and has been developed with the knowledge

acquired in the previous experience in the Mediterranean Sea witARKES, will
be presented. In the future, it will be the biggest neutrino telesodpe northern

hemisphere.

1.1 Why Neutrino Astrophysics?

Most of the knowledge of the Universe comes from the observation afrghdthese
messengers have many advantages because they provide valualatiofoabout
the chemical and physical properties of the source. Moreover thegogiously
produced, stable, electrically neutral and easy to detect ow@teaenergy range.
Unfortunately, the properties of the hot dense regions which form thaloamgines
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of stars, active galactic nuclei and other astrophysical energy soueaasaletely
opague to photons, for this reason, they cannot be investigated by direct photon
observation, but only by indirect inference. Furthermore, high energy photons
interact with photons of the infrared background radiation and with thaicos
microwave background to create electron-positron pairs; thie iGiteisen-Zatsepin-
Kuz'min effect (GZK) (R. J. Gould & Schreder, 1966; Greisen, 19&sepin &
Kuz'min, 1966), which suppresses any possibility of exploring the skyd®stances
greater than 100 Mpc with high energy (>10 TeV) gamma rays.

Another possibility is the observation of the proton component of the coagsc
which can provide information about the sources but, since theyharged, they
can be deflected by the galactic magnetic fields and lose #aidiral information

being impossible point back to their source.

In order to observe the inner workings of the astrophysical objectartitain a
description of the Universe over a larger range of energiessemger electrically
neutral, so that its trajectory will not be affected by magrfetids, stable, so that it
will reach us from distant sources, and weakly interacting, aoitthwill penetrate
regions which are opaqgue to photons, is needed. The only candidate gkmenth

is the neutrino. Fig 1.1 shows the different messengers that couldd®dustudying
astrophysical sources and its interaction with the medium along the wayhdhreac
Earth.

The neutrino was proposed by Pauli in 1930 in order to explain the energy
conservation and linear momentum durfhglisintegrationa - p+ ¢ +v, . It was
described as a sub-atomic fermion particle without electrltailge, zero mass and
very small cross sectian~10"*cn¥. Its interaction probability was considered so low
that its own proponent bet that the neutrino never could be detected. Faytunat

there were scientists who did not cease in its efforts. das in 1956, Cowen and

Reines presented the first measurement of neutrinos coming femgmdnts of
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nuclear fission through the observation of invegrsdisintegration of protons. This
work, besides to make Pauli losing his bet, became Reines NaIP1i995, after
the death of his colleague in 1974,

_.\'- e A ' .

fammas (0.01-1Mpc)

protons E<10' eV

1 parsec (pc) = 3.26 light years (ly)

Fig 1.1. Scheme of the different messengers that can rehehEarth from
astrophysical sources and its possible interaatitim the medium during
their travel.

Today, it is known that the neutrino has a very little mass kndtizero, and there

exist three kinds of neutrinos according to the three leptonic failie,,v,) and

its corresponding antiparticlgs, 7, 7,) .

After decades of study and experimentation, some astrophysicaés@uecknown

for emitting neutrinos (of low energy range, a few tens of MeVyrbigen fusion
produces electron neutrinos as by-products. Solar neutrino astronomy has a 30 years
long history, the proton-proton chain is the most frequently reactichatedccurs

in the Sun and converts hydrogen in helium, in this process an aofemgrgy is
released in form of photons and neutrinos. The conversion of iron nuclei to neutrons
when a neutron star is formed in the heart of a supernova produses af neutrinos
(augmented by the thermal production of neutrino-antineutrino pairs), aslioh

burst was observed by Kamiokande (Hirata et al., 1988) and IMBé&kMichigan—

Brookhaven) (Vander Velde, Personal web) detectors for SupernovA 98987
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being the first observation of neutrinos from outside of the Solaei@ysosmology
predicts a low-energy relic neutrino background similar to the loevesy relic
photons of the Cosmic Microwave Background, but these would have ativeffec

temperature of around 1.9 K and are very difficult to observe.

Fig 1.2. Infographic view of the two different origin of timeutrinos detected on the
Earth: atmospheric neutrinos and astrophysicalrimest

Furthermore, on the Earth, high energy neutrinos can be detectetivivafifferent
origins (Fig 1.2). The first ones are atmospheric neutrinos thatairdy produced
in the decay of pions and kaons emerging from reactions of cosmiorrggsnma-
rays in the upper atmosphere. The second ones are astrophysicalosettait
originate from either galactic or extra-galactic astrophysical prazesse
Astrophysical sources of high-energy neutrinos have not been obsenaly,dngt
their existence can be deduced by the properties of cosmic raysowér, IceCube
has recently claimed the discovery of high-energy cosmic neutoasesd on the
excess of events observed with respect to the expected ones atneospheric
neutrinos (IceCube Collaboration, 2013). Primary cosmic rays are praitinspme
admixture of heavier nuclei; the energy spectrum (Fig 1.3) is &mplaw which
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extends to extremely high energies, values exceedi#ig¥thaving been observed

in recent years. Protons themselves have limited use as astogbhigformation
carriers because they are charged, and therefore subject @otidafloy cosmic
magnetic fields: only the very highest energy cosmic raysilaely lto retain any
memory of the source direction. The exact source of the high-enesgyccrays is
thus unknown, although supernova remnants and active galactic nuclei leave be
proposed. Whatever the source, it is clear that accelerating ptoteueh high
energies is likely to generate a large associated flux of phothuped pions, which
decay to yield gamma rays and neutrinos. These will remember the sourderdirect
and so the existence of a general flux of very high energy coasnjm-otons implies

the existence of sources of high-energy neutrinos.
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Fig 1.3. Spectral Flux of Cosmic Rays observed on Earthur€igadapted from
(Cronin, Gaisser, & Swordy, 1997).
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Neutrino astronomy thus offers the possibility of observing sourcesiwbicespond
to the central engines of the most energetic astrophysical phendnas@provides
long baselines for neutrino oscillation studies, and can explore usgfahseof

supersymmetric parameter space in the context of dark méftterdrawback, of
course, is that the weak interactions of neutrinos imply thatyarwassive detector

with extremely good background rejection is required to observe a measurable flux.

Nowadays the existing neutrino telescopes NT200+ in lake Baikalu(dynov et

al., 2008; Kuzmichev et al., 2006), IceCube at the South Pole (Ice@llabdazation,

2014) and ANTARES (Ageron et al., 2011), the first undersea neutrino telescope, in
the Mediterranean Sea are continuously reconstructing the muon firackshe
interactions of atmospheric muon neutrinos. An irrefutable evidencewfino
signature from astrophysical sources would either be a recondtareegy beyond
~10'" eV for a significant number of events or a clustering of reoacted neutrinos

from a particular direction. Another determinant evidence woultidedincidence

of its direction with a potential neutrino source identified through ngamay
detectors by imaging atmospheric Cherenkov telescopes (H.E.SESS(S.
Collaboration, 2014), MAGIC (MAGIC Collaboration, 2015), VERITAS
(VERITAS Collaboration, 2014) or by direct observation of the air shpagicles
(MILAGRO (MILAGRO Collaboration, 2007)). It is assumed that onlynalti-
messenger approach, combining observation of neutrinos, high energy photons
(gamma rays) and charged particles (cosmic rays) will efedivcomplete picture of

the fundamental astrophysical processes taking place in the Universe.

1.2 ANTARES: The first Undersea Neutrino Telescope

ANTARES detector is located in the Mediterranean Sea, at 40 km of the south coast
of France at 2475 m depth. Its location makes it sensitive &ge part of the
southern sky, including the Galactic Centre region. It was completsthy 2008
making the largest neutrino telescope in the Northern hemisphere affidlsthe
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operated in deep sea. Data taking started in 2007 with the first ddpdeyection

lines.

The main goal of ANTARES is the observation of astrophysicakcth|i&ke Active
Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), Microgtsser Supernova
Remnants. In fact, astrophysical objects that are able tteeateeprotons and nuclei
in a wide range of energy are candidates to be neutrino sources duymssible
interaction of these accelerated cosmic rays with matteadiation located in the
surroundings of the source. Other interesting studies carried out WEARES are
led to the indirect detection of Dark Matter (DM) looking for newtsi generated in
the annihilation of Weakly Interacting Massive Particles (\WBY captured by
celestial bodies like Earth, Sun, Galactic Center, etc. (Baptér 5). In the field of
particle physics, studies performed in ANTARES are trying to utateissome
processes concerning to the neutrino, among others, neutrino oscil{#torién-
Martinez, Al Samarai et al., 2012) or neutrino interaction crosgasctn addition,
and due to the particular location of underwater neutrino telescopese the
infrastructures offer the possibility to extend the scientifiogpgm beyond the
astroparticle physics by including in the facility differeatsors for Earth and Sea
sciences. The continuous monitoring of these sensors in real tangoigerful tool
for environmental studies, and to bring some light in the understanding exediff

multidisciplinary problems such as ocean dynamics, climate change, etc.

1.2.1 Detection principle

The telescope is optimized to detect upward going high energy neubynos
observing the Cherenkov light produced in sea water by secondary cleptpets
originated in charged current interactions of the neutrinos with therraadtend the
instrumented volume. Due to the long range of the muon, neutrino inderaettices
tens of kilometers away from the detector can be observed. @th&mo flavours

are also detected, though with lower efficiency and worse angeleisipn because
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of the shorter range of the corresponding leptons. To detect thenkhelight, the
neutrino telescope comprises a matrix of light detectors, in the fofm
photomultipliers (PMTs) contained in glass spheres, called OMindlles (OMSs).
These OMs are positioned on flexible lines anchored to the sedididion track
is reconstructed using the arrival time measurements of taee@ov photons on
the OMs of known positions. With the chosen detector dimensions, the ARFAR
detector has a low energy threshold of about 20 GeV for well reaotext muons.
The incoming neutrino direction, almost collinear with the secondagnrat high
energy, can be determined with an accuracy better than 0.3° fgiesnabove 10
TeV. Fig 1.4 illustrates the neutrino detection principle in an underesadpe.
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Fig 1.4. Detection principle of high energy muon neutrines an underwater

neutrino telescope. The incoming neutrino interasith the material
around the detector to create a muon. The muors giveerenkov light in
the sea water which is then detected by a matrikgbt sensors. The
original spectrum of light emitted from the muorattenuated in the water

such that the dominant wavelength range detectedtigeen 350 and 500
nm.
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This detection technique requires discriminating upward going muons adenst t
much higher flux of downward atmospheric muons (Fig 1.5). To simplify the
discrimination, the detector should be installed in a deep site wHayer of water

or ice would shield it.

Another detection technique is being tested in ANTARES in damleomplement
the optical detection. This is the acoustic detection based omdhad-acoustic
model (See Chapter 2). For this purpose, the AMADEUS (ANTARES Msdate
the Acoustic DEtection Under the Sea) system was installetheéngeneral

infrastructure (See Section 1.2.3).
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Fig 1.5.  Zenith angular distribution of the muon flux abdv&eV from atmospheric
muons and atmospheric neutrino induced muons a0 280 water

equivalent depth.

1.2.2 Detector overview

The detector infrastructure is composed by 12 mooring lines holdingptieal
modules. These are a set of photomultipliers designed for measwringaeduced
charged particles based on the detection of Cherenkov light emithetan There
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are 885 OMs which composes the ANTARES detector. The arrangehteatOMs

in space was optimized initially by simulation in order to hthes best neutrino
detection efficiency in terms of effective detection voluand angular resolution for
the tracks. The optimal distances between OMs are correldttedhe absorption
length in water (maximum is about 60 m). Time coincidence condibehseen
close OMs (< 1 m) allows to reduce the optical background in aea.\Whe Fig 1.6
shows a schematic view of the detector configuration, composed ofriplets
distributed on vertical lines. These lines are flexible stnest attached to the sea

bottom by a heavy anchor and kept in tension by a buoy on the top of each line.
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Fig 1.6. Schematic view of the ANTARES detector which consists in 885

OMs set along 12 lines connected to shore by an electro-optical
cable.
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Each line is separated about 65 m between each other. Any line caplbged

independently from others and released to the surface for mainten@his

simplifies operations at great depth. The lines are connected to the common junction

box with 40 km cable which connects it to the shore station located in La Sayne-
Mer (France) where the ANTARES control room is located. The lines adediin
storeys, a mechanical structure to place three OMs to point dodsab45° with
respect to the vertical, each line has 25 except one which has hydrepigiead of
OMs in the five top storeys (See Section 1.2.3). The downwardtatien aim is
optimizing theupgoingparticles detection. Additionally, there are different kinds of
sensors and instrumentation (LED beacons, hydrophones, compasseshitfoeter
time and position calibration of the OMs. Storeys in the same line gaeased 14.5
m. The first storey is placed 100 m above the anchor. This disttioe optimized
distance from the ground where the Cherenkov cone from the up-goingesaigi
developed. The disposition of the lines and storeys results in anoeteleéscope that

spreads over an area of about 0.2 kmd an active height of about 0.3 km.

ANTARES achieves very good angular resolution (< 0.3° for muonsabotve 10
TeV). The pointing accuracy of the detector is determined latgelihe overall
timing accuracy of each event. This is a quadratic sum o$teéuamto: a) the precision
with which the spatial positioning and orientation of the optical modslkaawn;
b) the accuracy of the arrival time of photons at the optical mednéasurement; c)
the precision with which local timing of individual optical module slgr@an be

synchronized with respect to each other.

In order to determine accurately these parameters, positioninguiAdartinez et
al., 2012) and timing calibration (J. A. Aguilar, Samarai, Alb&niiré et al., 2011)
systems are needed. The reconstruction of the muon trajectorged ba the
differences of the arrival times of the photons between optiodlulas. As such, it
is sensitive to the distances between the optical moduledéntoravoid degrading

during the reconstruction, it is necessary to monitor the positioraadf eptical
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module with a precision of 10 cm (light travels 22 cm per ns itemvaThe

reconstruction of the muon trajectory and the determination of itgyeakso require
knowledge of the optical module orientation with a precision of a fewedegihe
precise absolute positioning of the whole detector has to be guaranieektr to

point to individual sources. To attain a suitable precision on thelbpesitioning

accuracy constant monitoring of relative positions of the variowesetelements
with respect to absolutely positioned acoustic beacons and enstteezessary
(Ardid, 2009).

The relative time resolution between OMs is of utmost impoetdac the muon
trajectory reconstruction. It is limited by the transit tispgead of the signal in the
PMTs (about 1.3 ns) and by the scattering and chromatic dispersiightah sea

water (about 1.5 ns for a light propagation of 40 m). The electronice ANTARES
detector is designed in order to contribute less than 0.5 ns to énellavme
resolution. Time calibration should aim at a precision below the namubdevel.

To this end, several complementary time calibration systems are inmpéztie the
ANTARES detector in order to measure and monitor the relditives between
different components of the detector due to, e.g. cable lengths and electroniss delay
(J. A. Aguilar, Samarai, Albert, André et al., 2011).

1.2.3 The AMADEUS system

The AMADEUS project was carried out for performing a feasibiitudy for a
potential future large-scale acoustic neutrino detector (acouséctioa principle
will be described in Chapter 2). Following this purpose, an array ofatediacoustic
sensors was integrated into the ANTARES neutrino telescope.¥nitied purposes

to follow by this project were:

a) Performing long-term background investigations (levels of ambient noise,

spatial and temporal distributions of sources, rate of neutrino-like signals);
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b) Investigation of spatial correlations for transient signals angdesistent
background on different length scales;

c) The development and test of data filters and reconstruction algorithms;

d) The investigation of different types of acoustic sensors and sensthgds;

e) The study of hybrid (acoustic and optical) detection methods.

In particular the knowledge of the rate and correlation length ofinedilke acousic
background events in order to have an estimation of the sensitigifytfre acoustic

neutrino detector.

1.2.3.1 System overview

The AMADEUS sensors are integrated in the form of acousticystdieat are
modified versions of the ANTARES storeys (Section 1.2.2) in whiclOtts have
been replaced by custom-designed acoustic sensors. These sengonssingr
dedicated electronics for digitization and pre-processing of the anaamads. In
particular these acoustic storeys are emplaced in detection line number 12 (L12) and
in the Instrumentation Line. (IL) (Fig 1.7). IL is equipped with iastents for
monitoring the environment. It holds six storeys and, in this line, forgair of
consecutive storeys the vertical distance is increased tm.80he AMADEUS
system comprises a total of six acoustic storeys (with @xstic sensors each).
Three are located in the IL which started to take data inrbleee2007 and three
more in L12 which was connected in May 2008. During their deployment,odue t
pressurization two acoustic sensors were damaged, so the AMADHY Srid
functional has been taking data with 34 sensors. The acoustic stordys IL are
located at 180 m, 195 m, and 305 m above the sea floor. On Line 12, @astarstys

are positioned at heights of 380 m, 395 m, and 410 m above theeadritially,

IL was anchored at a horizontal distance of about 240 m from 1Be With this
setup, the maximum distance between two acoustic storeys was 3NDXREAJS

hence covered three length scales: spacing of the order of 1eebetensors within
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a storey (i.e. an acoustic cluster); intermediate distanck$.5m between adjacent
acoustic storeys within a line; and large scales from about 100m vertiealodi®n
the IL up to 340m between storeys on different lines. The sensors wittluster
allow for efficient triggering of transient signals and for di@tteconstruction. The
combination of the direction information from different acoustic swyisids (after
verifying the consistency of the signal arrival times at #spective storeys) the

position of an acoustic source.

Instrumentation Line

Fig 1.7. Schematic view of the ANTARES detector. The sixustiz storeys are
highlighted and their three different setups arewsh This is the
configuration after the last redeployment of therINovember 2013.

Since the beginning of the project to nowadays some changes iarifigucation
have been performed. Some acoustic sensors in the IL have beeadeplso the

location of the IL was modified, after the disconnection for regoireMay 2011,
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and last redeployment in November 2013. The distance between hd IL13 is
about 115 m.

The AMADEUS system includes time synchronization and continuouatopgdata
acquisition setup that is scalable to a large-volume detector.
1.2.3.2 Acoustic Storeys

The family of sensors tested along the AMADEUS project cadivided in two

types: hydrophones and Acoustic Modules (AMs). In both cases, the sensing

principle is based on the piezo-electric effect. For the hydrophohespi¢zo
elements are coated in polyurethane, whereas for the AMs, prezgisied inside of
standard glass spheres which are normally used for Optical MOdWASSTARES.

Fig 1.8 shows the design of a standard acoustic storey with hydrophoites.IL,

the acoustic storeys only have hydrophones, whereas the lowermosti@astorey
of L12 holds AMs. For more information and details about the wholersystier to
(J. A. Aguilar, Samarai, Albert, Anghinolfi et al., 2011).

Titanium
— Support Frame

Hydrophone
Support
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Hydrophone

Electronics
Container
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Fig 1.8. Drawing of a standard acoustic storey with hydromgsin the AMADEUS
system.
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The hydrophones are mounted to point upwards, except for the centraicastonsy

of L12, where they point downwards. Fig 1.9 shows the three differeigindesf
acoustic storeys installed in AMADEUS. The sensitivity of thelrophones is
largely reduced at their cable junctions and therefore shotwsrg siependence on
the polar angle. The different configurations allow for investigatingutieotropy of
ambient noise, which is expected to originate mainly from thewdace. Initially,
three of the five storeys holding hydrophones are equipped with comhmeocials,
dubbed HTI hydrophones (High Tech. Inc.©), and the other two with dedicated
hydrophones developed and produced at the Erlangen Centre for Astteparti
Physics (ECAP). After the IL recovery in May 2011, in flooth& hydrophones
produced at ECAP were replaced because they had reachediéntroél The new
ones were developed for KM3Net by UPV (Universitat Politecdeyalencia) and
INFN-LNS (Instituto Nazionale di Fisica Nucleare - Laboralaizionale del Sud).

This fact provided a big opportunity to be tested on deep sea.

Fig 1.9. Images of the three different storeys of the AMADEBystem during its deployment.
On the left a standard storey equipped with hydoopls pointing up is shown. In the
middle the acoustic storey on L12 with the hydrap®pointing down. On the right the
lowermost acoustic storey on L12 equipped with AtimuModules.
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1.3 KM3NeT

The successful construction and operation of the ANTARES detector has
demonstrated the feasibility of deep-sea neutrino telescdpesxperience acquired
during the ANTARES operation and the privileged location of the Meditean Sea
for Galactic Center visibility have meant a push to build a rege research
infrastructure. It will consist of a network of deep-sea neutr@stopes in the
Mediterranean Sea, being a multidisciplinary laboratory also &thEand Sea

sciences (Lahmann, 2012).

The main objectives of KM3NeT are the discovery and subsequestvabisn of
high-energy neutrino sources in the Universe and the determinatithre ahass
hierarchy of neutrinos. Further on, it will be possible to includetioeistic detection
of neutrinos from interactions of ultra-high energy cosmic rayh tie cosmic
microwave background, whereby is paramount to have a calibratensgéte to
reproduce the acoustic signal induced by neutrino interaction. At thefethe
deployment, KM3NeT will dispose of a few Rmf detection volume, about 100
times more than its precursor ANTARES. A cost effecticatelogy for (very) large
water Cherenkov detectors has been developed based on a new genetation of
price 3-inch photo-multiplier tubes. Following the successful deployraedt
operation of two prototypes, the construction of the KM3NeT researesinficture

has started.

For the second objective of KM3NeT, ORCA (Oscillation ReseaitthCosmics in
the Abyss) (Katz, 2014), a detailed feasibility study addressingrbspects of
measuring the neutrino mass hierarchy with KM3Net is being perforviiéh the
ORCA detector it is possible to determine the mass hierardhg ascillations of
atmospheric neutrinos in the Earth. This mass hierarchy is, togeithethe CP-
violating phase and possible Majorana nature of the neutrino, an outstanding
unknown of the Standard Model of Particle Physics. Also ORCA pesensitivity
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to low-mass dark matter (via annihilation in e.g. the Sun) and posdfidyto the

composition of the Earth interior (via neutrino tomography).

Concerning to the technology, a new generation of 3-inch photo-multipbes t
(PMTSs) has been developed for KM3NeT. These PMTs combine good tiRltg (

less than 2 ns), relatively high quantum efficiency (around 30%) @mdpfice
(comparing with 10-inch PMTs). The PMTs and the readout electranicenclosed

in pressure-resistant glass spheres. These optical modulestabaitdid in space
along flexible strings, one end of which is fixed to the sea flootlamdther end is

held close to vertical by a buoy. An optimal building block consists ofslith
strings. The concept of building blocks is modular. Hence, the construction and
operation of the research infrastructure allows for a phased atdbuted
implementation.

sphere. The front part of each PMT is
surrounded by a light concentrator ring
to further increase the light collection
area. The DOM also contains calibration
sensors like acoustic piezo sensors,
compass and tiltmeters and a
nanobeacon. All readout electronics for
PMTs and calibration sensors are
confined inside the glass sphere of the
DOM which has only one penetrator for
connection to the backbone cable of the
detection unit. The KM3NeT detection
unit consists of 18 KM3NeT-DOMs
supported by two parallel ropes. The
Fig 1.10. Left. KM3NeT digital optical 0iStance between DOMs is 36 m. The
module. Right: Detection Unit of KM3NeT. lowest DOM is positioned at 120 m
above the seabed. A backbone cable runs
the full length of the detection unit and
The innovative Digital Optical Module connects the DOMs with the seafloor
(DOM) is a stand-alone sensor moduleetwork. The total height of the
with 31 3-inch PMTs in a 17 inch glassKkM3NeT detection unit is about 700 m.
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1. Framework of the Thesis: ANTARES Neutrino Telescope

Recently, the collaboration started the first construction pHalsasé-1). During

2015-2016, 31 strings equipped with 558 optical modules will be assembled and

deployed at the French and Italian sites.

The resulting arrays will be different in size, the setuphat Italian site being
significantly larger and providing the equivalent of about 10% of e of the

IceCube detector (and more than 3 times the size of the ANTAREStor). This
detector configuration is optimal for the discovery of high-energgrim® sources
in the Universe. The strings at the French site will be configacedrding to the
outcome of the ORCA feasibility study, a densely instrumentedtdetand as such
prove the viability of a detector designed for the measurement oktiteno mass

hierarchy.

The ultimate goal is to fully develop the KM3NeT research stfteture which
comprises a distributed installation at three foreseen siédhg, ffrance and Greece),
with almost 700 strings equipped with 12,400 optical modules in total (Phabee2)
sensitivity of the Phase-2 neutrino telescope will not only exdestf the current
IceCube detector by a substantial factor, but also will bring lplessgutrino sources
in our Galaxy within reach. The neutrino signal reported by IceCubesga
Abbasi, Abdou, Ackermann, Adams, Aguilar, Ahlers. M., Altmann, Auffenberg, &
Bai, 2013a) has led the collaboration to plan an intermediate stape(RIb). The
Phase-1.5 detector will allow for an independent measurement cfighisl with
different methodology, better angular resolution and complementarypfieiew. In
addition, the predicted angular resolution of cascade events offdysetiieéhrough

capability of doing all flavour neutrino astronomy.
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2

Part I Introduction:

Acoustic detection
of Neutrinos

Neutrino detection in the high energy range supposes opening a hew winith@w in
study of extragalactic sources. Due to the small expected fluxgtsinoedetection

in that energy range carries a significant challenge in ternisfrafstructure and
detection methods. Following the classical optical method for detettiese
energetic neutrinos, collecting the Cherenkov light emitted by the maohimg of
neutrino interaction, it would be practically impossible in termssadling the
infrastructure. It would be necessary more than 10 &moptical instrumented
volume for detecting a significant rate of Ultra High EnergyHE) neutrinos
implying a technically very complex design and a very high cost telaeit. In this
Chapter the fundamentals of the acoustic detection of neutrindsewdlviewed. The
underwater conditions for sound propagation of the ANTARES site will be
summarized. To finalize, the need for a calibrator, in order ppawe the acoustic
neutrino detection in underwater neutrino telescopes, will be introduceteogéth

the parametric acoustic sources technique, which has been useddalikiator
development.
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2.1 Acoustic Detection of Ultra-High Energy Neutrinos

The acoustic detection method was predicted for Askayran (Askdr9ar) and is
based on the thermo-acoustic effect, described in the followingse&roadly

speaking, when a UHE neutrino interacts with a nuclei in watecéprai hadronic
cascade is generated. The cascade energy is deposed fast dpdnl@aarrow
region of the medium which induces a local heating producing a rapid épanhs
the surrounding water (or ice). As a result of this expansion aupeessve is
propagated perpendicularly to the cascade direction. One of theretesant

advantages of the acoustic detection over the optical detectibie iattenuation
length which is more than one order of magnitude higher for acoustidss(gken)

produced for cascades than for the Cherenkov light (~50 m), comparimgathe
frequency band of each emission. This advantage allows to instrumege &olume

using a relative low number of sensors.

Besides of the AMADEUS project in the ANTARES Neutrino Tebgs; for more
than a decade different test sites have been collecting rdatalér to clarify the
acoustic sensitivity for detecting signals from neutrino intevastof a possible
detector with given environmental conditions. The main activitighi;area are

summarized in Table 2.1.

The first experiment was started in 2001 near the Bahamas. TWR3AStudy of
Acoustic Ultra-high Neutrino Detection) (Vandenbroucke, Grattael8tinen, 2005)
was composed by seven hydrophones from the military AUTEC (Atlaimidlersea
Test and Evaluation Center) array located at about 1600 m depthingesulaa
detection volume of 15 kinThe first acoustic neutrino flux limit was established by
the data collected during the first phase of this experiment. écand phase, the
number of hydrophones increased to 49 (1508 é&huetection volume). Detailed
studies about acoustic background were performed after 130 days dakiata
(Kurahashi & Gratta, 2008). Two events were compatible with shdreanseutrino



2. Part I Introduction: Acoustic Detection of Neutrinos

interaction above #8 eV after a complex data reduction which contributed to an
improvement in the neutrino flux limit (Kurahashi, Vandenbroucke, & &ra@10).

Project Host Location Medium  Sensors
AMADEUS | ANTARES Mediterranean Sea (Toulon) Sea water 36
OvDE | NEMO Mediterranean Sea (Sicily) Sea water 4
SPATS| IceCube South Pole Ice 80
Baikal | BDUNT Lake Baikal Fresh 4
water
ACORNE | RONA military  North Sea (Scotland) Sea water 8
SAUND | AUTEC Tongue of the Ocean Sea water 7/49
military (Bahamas)

Table 2.1. Overview of the acoustic detection test sites.

Deployed in 2005 at 25 km offshore of Catania, in the MediterranesiNEMO-
OvDE (Ocean Noise Detection Experiment) was monitoring the underwaiss
during 5 minutes every hour. The average noise level in the 20-43 &élreficy
band was found 5.4 + 22+ 0.3yt mPa of pressure level and it was strongly
correlated with the environmental conditions at the Sea surfaceofiene, 2009).
Moreover, almost daily during the approximately two years duratiorthef
experiment, the presence of sperm whales was detected when jbe ma
environmental agencies declared that these species were dedtinthg area
(Nosengo, 2009). The analysis of the acoustic signal produced for spetes wha

allows to derive the age and gender of the animal emitting it.

Between 2006 and 2008 the ACORNE (Acoustic Cosmic Ray NeutrinoiEquey

group was taking data using eight hydrophones of the RONA militaryiariNgrth-

West Scotland. Besides the neutrino flux limit in the same ran§&0OND result,
information about signal attenuation and localization also were tall€S. Bevan,
2009; Danaher, 2007).
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In Baikal Deep Underwater Neutrino Telescope (BDUNT) experipantantenna
consisting of four hydrophones in a tetrahedral arrangement with ecerapating
between hydrophones (1.5 m) was placed in 2006 at 150 m depth in Lake Baikal
(Siberia, Russia). In this experiment, the target materfeds& water which has the
advantage over sea water that the attenuation length is roughly dee ar
magnitude larger in the frequency range of 10 to 100 kHz. Howemedjtions in

Lake Baikal are not particularly favourable for acoustic neutdatection. The
thermal expansion coefficient is close to zero and the Griineissengiar (see next
section) is low. Extensive environmental studies were done concltigitgthe
observed noise level depends mostly on surface conditions. In thenitggaage of

5 to 20 kHz it has a value below 5 mPa. From the analysisntresting neutrino-

like event was observed, accepting only signals from the deep aiZ1l an
acoustic string with three acoustic modules was deployed and data taking is ongoing
(Aynutdinov et al., 2012).

In the upper empty part of holes drilled for the IceCube neutrino ciseywas
deployed the SPATS (South Pole Acoustic Test Setup) (Karg, 2012alAftseven
acoustic stations composed by transmitters and receivers hawepbsigoned
between 80 m and 500 m distance in the ice of the South Pole. Dushottzge of
previous experimental studies for acoustic properties in ice, since data takiaed st

at 2007, results have been orientated to describe the environmental conditions of the
site and its influence in the acoustic signal propagation: speed of poessiire and

shear waves and their refraction versus depth, the acoustic titterieagth and the
ambient noise level (R. Abbasi et al., 2010; R. Abbasi et al., 2011b; R. Abbasi et al.,
2012). Using data from transient noise measurements, a neutrino fltraliove

10" GeV was derived after eight months of observation.
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2.1.1 The Thermo-Acoustic Model

The prediction of the hydrodynamic radiation production as ultrasonic peessur
waves (Askaryan, 1957) prompted the development adhtéreno-acoustic modéh

1970s. This model describes the production mechanism of the bipolar acoustic
signals measured in a proton beam experiment in a fluid media {Yekar
Dolgoshein, Kalinovsky, & Mokhov, 1979; Learned, 1979). According to the model,
the hadronic particle cascade, originated by UHE particle integriat water, gives

rise to a large energy deposition in a small volume in a Yeng 8me (instantaneous

with respect to the hydrodynamic time scale). Due to the teryperchange, the
medium expands or contracts according to its volume expansion cadffjgi
causing a pressure pulse which develops orthogonal to the cascadberafate the

incident particle direction. The equation that describes the pulse is:

10%p(rt) __ B o%(r ) (2.1)

c?  ot? C. at?

P

O2p(F,t) -

where, p(T,t) denotes the hydrodynamic pressure at given place andctisméhe
speed of sound in the mediu@,is the specific heat capacity anfr,t) is the energy
deposition density of the particles. It is possible to group all depepderheters of
water properties (temperature, salinity and hydrostatic pressiue) the
environmental parameters, in a dimensionless one, the Grineissenetgara

y = Bc?/c, Which indicates the conversion efficiency of the thermal energy i

sound. This allows the comparison of signal strength (acoustic pulseree
intensity) for different oceans and seas at different depthshéwn in Fig 2.1, the
efficiency of the thermo-acoustic conversion mechanism varies the water
volume due to the vertical stratified profile where the sopeéd is depth depending.
Also the differences are caused by the temperature and sedinditions which vary
from one sea to another. The signal strength, defined imgreases with salinity,

temperature and depth. In the case of Mediterranean Sea thoé lieihg an ‘old’
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and ‘closed’ sea attributes high salinity and warm temperatueegat depth, close

to 13°. This translates into an enhancement by a factor 2 of theia@mssion

strength with respect to the oceans.

k Mediterranean

Y Askariyan
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Fig 2.1.  Griineissen parametffor different oceans and seas as a function ofrdept

Polar areas (dashed), oceans in tropical (daskdjoiihd tempered (solid,
bottom line) areas and the Mediterranean Sea (spper line). The dotted
horizontal line indicates the value used by (Askamiet al., 1979).

Equation (2.1) can be solved using the Kirchoff integral:

S B opdv oo (. T-T 29

P 4ncpj“—r‘16t2q(r’t c j @2
As the energy deposition is almost instantaneous, Eq.(2.2) can befisinpli
assuming:

q(r,t) =q(r)e)
(2.3)

a(r,t)=q(r)o(t)
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being d(t) andd(t) the step and delta function respectively, the simplify equation
would follow:

- ¥ 0 q(m)
p(F.1)= 4/70R-£_Rda (2.4)

Integration is carried out over spherical shells of raBfest centred o, this means

that the pressure ihat time t is the sum of all contributions that can reach this point
propagating at the speed of sound. Using this approach is neglectectdbare

waves attenuation during the propagation form the sourdg tmoreover linear
propagation is assumed. Although the limitations induced by these assuntipsons

solution is very effective at short distances from the source (~100 m).

2.1.2 Acoustic Neutrino signature

UHE neutrinos are expected to interact by deep inelastic riegtegth the nuclei of
water molecules. This interaction results in hadronic fragmentatid, in the case
of a charged current interactions (CC), in a charged lepton whiciires 80% of the
energy of the primary neutrino (Gandhi, Quigg, Reno, & Sarcevic, 1998). Th
remaining energy is deposed into the water as hadronic shower alighethev
direction of the primary neutrino. The local heating resulting othésgy deposition
causes an expansion of the medium which generates an acoustiprppksgating
perpendicular to the shower axis. Whileandv, neutrino generates hadronic shower,
with travel paths of a few tens to a hundred kilometresalso generates and
electromagnetic shower, which is superimposed on the hadronic one. The\mite
observable acoustically would be-zharged current interaction where all the energy
of the primary neutrino is dumped into cascades of short extend-(3Q0m). On
the other hand, in cases of neutral current interaction (NC)atrdyt 20 % of the

initial neutrino energy is available for acoustic detection trough hadronic shower.
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The acoustic signal generated by the neutrino interaction in wateauiacterized by

the high anisotropy of the source. The cascade, whose energy deposition is extended
from a few meters to tens of metres in length with only aciemtimetres in diameter,

can be understood as the acoustic source. This strong anisotropy gfiveéisdutivity

to the acoustic signal whose emission occurs in orthogonal directitims cdiscade

axis (Fig 2.2). Energy deposition is instantaneous, in terms of hydrodyseate,

for this reason the signal has a bipolar shape in time, with a @ambrbrominent
compression peak followed by a longer, but weaker, rarefaction peakglrefrcy
domain it is a broadband signal whose spectrum differs depending on the distance to
the source. The high frequency content of the spectrum, which is consegféne
instantaneous energy deposition, is suppressed by absorption or by the lateral spread

of the energy deposition area, depending on the distance to the source.

hadronic
cascade

=10m

Fig 2.2. lllustration of the cascade produced by neutrirterarction in water and the
directive pressure pulse generated. Typical dinosissbf the implicated
parts for acoustic detection are indicated.

Fig 2.3 shows the principal characteristics of the signal whighdegending on the
cascade extension and the energy range. The parameters consideederay

authors to describe the signal are the peak to peak durdtiothe half peak
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amplitude Ap, and the symmetry factdR/C, which defines the ratio of compression
and rarefaction peak amplitude.
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\ A cut from lateral spread
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Fig 2.3. Sketch of a typical acoustic signal pulse. On #fethe time pattern. On

the right the frequency spectrum. From (Niess &tiBe2006)
The maximum pulse height will be proportional to the deposed energy,itvénse
of the square of the radial energy distribution, to the inverse digtence and to the
Grlneisen parameter, related with the properties of the medisiran &xample, in

Fig 2.4 the shape and spectrum of a bipolar pulse resulting from thiatsim of a
10 eV cascade are shown, from (Graf, 2008).
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Simulated acoustic pulse for a?i@V shower at 1 km distance from the
shower centre. Left: the contribution of the radigtribution for up to 1
cm and 2 cm from the shower core and for the doution of the whole

shower are shown, in time domain. Right: Relatigesg@r spectrum at 100
and 1000 m from the shower.

Fig 2.4.
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2.1.3 Underwater conditions in the Mediterranean Sea.

Acoustic propagation depends on the environmental characteristictheof
propagation medium, in this case, seawater. Propagation is connecteddntally

to two concepts: sound propagation velocity and wave attenuation. Both depend
directly to the physical and chemical properties of the mediaornthd attenuation
process there are two different causes: on one hand, attenuation issdrbgiube
geometrical spread of the beam. On the other hand, the beam is attaetueato the

loss of energy through absorption, which is converted into heat. The ahsorpt
depends on the temperature of the medium, the salinity and the prggquth), also

sound velocity propagation depends on these environmental parameters.

2.1.3.1 Attenuation

As previously advanced, the attenuation of an acoustic beam durprgpesgation
is the result of two different mechanism. On one hand, as the fnemte-travel
outwards from the transducer they spread over a larger areatahenergy of the
transmission is fixed, so the intensity (power transmitted througlngsj decreases
as the beam spreads (Fig 2.5(a)).

In Fig 2.5 (b) it is distinguished two differentiated zones. It is kmaw/far field the
range, much larger than the transducer size, where the intengtywith the range

R according to the inverse square law:
IO
== (2.5)

In the pressure case, this is inversely proportional to the range.

Rl

- (2.6)

Iy
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@ Area of the beam

Transducer

Point source

Far field

Intensity

Range —0  —»p

Fig 2.5. lllustration of acoustic energy propagating awagnfra transducer. (a)
Spherical spreading reduces the intensity at leagges. (b) This causes
the intensity of a point source to follow the inseisquare law (curve 1) at
any range. For a finite transducer near-field éfliedits the intensity near
the face of a finite transducer (curve 2). Frommi@bnds & MacLennan,
2005)

Near field is the region immediately in front of the transdughere the range
dependence of the intensity is more complicated, also called the Fresnehzbee. |
near field, the intensity varies rapidly with the range in aifllasry manner. This
occurs at ranges where the wave-fronts produced by the transdunentd are not
parallel, a state which alters the phase relationships comimatied far field. Only
in far field (also known as the Fraunhofer zone), where the elemaeetfronts are
nearly parallel, beam is properly formed and the inverse scmaragdplies. Ifa is
the linear distance across the transducer face, the boundarebatea@ and far

fields inb is approximately at the range:

2

_a
R, = (2.7)

The other mechanism that intervenes into the attenuation procélss #ound

absorption, it is the loss of acoustic energy which converts into hieiat.causes
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exponentially decrease with the distancef the amplitude pressure of a plane wave
along the propagation path.

P|=|R| e (2.8)

where a is the absorption coefficient in nepers per meter (Np/m) or irmgdB/

gy =869y 1y -

Several mechanisms are responsible of the absorption. In both, fresdlinadvater
there are losses due to viscosity, frictional losses. Thisgbate absorption is
proportional to the square of the frequency because at higher frequbeqgiesticle
velocities are faster and thus higher friction losses. In seaware are additional
lose due to the molecular relaxation of certain compounds. For relaxatis
understood the pressure-induced effect of the reduction of molecutasstavhich
takes a certain time to complete. In this case, as at high freiga¢he sound pressure
cycles too quickly, the reduction does not take place and thus no enalppibed
by this process. In the frequency range of 2 - 500 kHz the magnesiphatsul
(MgSQy) relaxation dominates the absorption. At lower frequencies tharkiither

loss associated with boric acid B(QH)

Although the frequency is the main variable for the absorptionpitkpends on the
water temperature and salinity. Equations for predicting the absorption coefaci

a given frequency, temperature, salinity and depth have been develogieersg
authors (Fisher & Simmons, 1977; Schulkin & Marsh, 1963). The most usieel is
one formulated by (Francois & Garrison, 1982a; Francois & Garri€t8£b) who
maintain that, assuming the exactly knowledge of the temperature hed ot
parameters, the predicteds within 5% of the true value. A simplified expression of
the Francois and Garrison formula easier to evaluate is atslalde (Ainslie &
McColm, 1998). Previously to these formulations a possible phaselghiig the
propagation was predicted by (Liebermann, 1948). More recently, (Ni&est&a,

2006) published a formulae for the complex absorption based on the predictions of
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Liebermann and the parameterizations for the Mediterranean Seaawdhrough

the Francois and Garrison results. Also regarding with the complex absorption, from

the ACORNE collaboration a complex version of the Ainslie & McCrdmmulation

where MgSQandB(OH); contributions are complex was proposed (S. Bevan et al.,

2009) . Fig 2.6 has been extracted from (S. Bevan et al., 2009), it shomparative

study of the absorption coefficient in sea water using differentieggaincluding a

result in ice.

Fig 2.6.
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Sound attenuations in sea water for the SAUND/Lediff approximation,

Niess and Bertin, Francois and Garrison, Ainslid &tcColm and the
ACORNE parameterisations). Since the Ainslie & MEGIACORNE and
Francois & Garrison results match very closely they depicted as the
same curve in the figure. The attenuation in Antarice is shown for
comparison. Inset: the phase shifts at 1 km fotwlrecomplex attenuation
models. Plot extracted from (S. Bevan et al., 2009)

In Chapters 3 and 4, results for theoretical propagations will lseqed. In these

results, the small dispersion effects over distances of $awendred of meters

resulting from complex attenuation have not been taken account.
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2.1.3.2 Sound speed

As with the absorption coefficient, the sound speedepends on the water
temperature, salinity and depth. Since sound speed should to be deteinmine
these variables, the best values are obtained using empiricaildtions proposed
by (Del Grosso, 1974) which have 19 terms, 18 of which have coefficidghtd 2
significant figures each, so not much “manageable”. A simplifiechdita was
proposed by (Medwin, 1975) with less than 0.2 m/s error compared wiGrbsdo’s
result for 0 < T~ < 32 °C and 22 < Salinity %o < 45 for depths up to 1000 m:

c=1449.2+ 4.6 - 0.55°+ 0.00029

(2.9)
+(1.34- 0.0T )G- 35y 0.01@

wherec is the sound speed (m/3)is the water temperature (°Q)is the salinity (%o,
parts per thousand) amds the depth (m). Years after, (Mackenzie, 1981) proposed
a longer formula with 0.07 m/s error and with no restriction to depths less than 1000

m:

c=1448.96+ 4.591- 5.30410T°+ 2.37440°
+1.3406 - 35} 1.630-10z+ 1.675707 (2.10)
-1.02510°T 6- 35 7.139.1HTZ

These formulas ((2.9),(2.10)) have been used to obtain the sound propagjatidg v

in the ANTARES site for calculations on this work.

Speed of sound was calculated for the ANTARES site as a functitive afepth,
taking into account the geographic position of the detector (40° 48'N 6°4cEhe
salinity and temperature values obtained during sea campaigns carried\agtist
of 2007 and in March of 2010. Around 100 m deep from the surface, sudters
seasonal temperature variations of maximally 0.5 °C. Beyond 700 m depth,
temperature is quite stable and independent to the season with hetiwesn 13.1
°C and 13.6 °C. For this reason, near to the ANTARES site the soamdeting has
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not significant effect. This is different at ocean situation whipically the

uppermost kilometer of water suffers temperature decrease with depth.
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Fig 2.8.

; -2500
14 16 18 20 22 24 1500 1510 1520 1530 1540 155(
Temperature [C] Speed of sound [m/s]

Left: temperature variation with the depth from seaface. Right: Sound
propagation velocity variation with the depth frega surface. For both plots:
measurement from the ANTARES site in August 20@7idsblue line) and
in March 2010 (dashed red line). Figure frimhmann, 2011)

25 30 35

Horizontal distance [km]

Ray tracing of acoustic signals for the speed omsdoprofile of Fig 2.7
(summer values). It is assumed open water modéls aveonstant depth
(2478 m). The shaded area indicates the region Wrbioh signals cannot
reach the receiver located 410 m above sea floor.

Fig 2.7 shows the temperature variation with the depth and, @ssaquence of it,

the variation of sound propagation velocity. The stability of tentperas translated

into a linear increase of the speed of sound with the depth. Fig 2.8 tieopaths of
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acoustic signals. The furthest distance from which an acoustic eiggiahted in the

surface can reach the AMADEUS device is about 30 km.

2.1.3.3 Background in acoustic neutrino detection in the Mediterranean Sea

The background noise in underwater environment can be divided in tw@maps:
ambient noise and transient signals. These, in turn, can be elhssifthe affected
frequency band (See Fig 2.9).

Fig 2.9. Summary of the principal background sources andaffexted frequency
band. The orange part is the most relevant onedotrino detection.

Below 200 Hz, which is not relevant for acoustic detection, thecggent and the
turbulences are the responsible of the ambient noise. Anthropogeniessasrship
noise also contributes in this band. Concerning to the transients, iinetigncy
range signals from seismic activity, ships and also marinarkfexpected. The more
relevant band for neutrino detection is 200 Hz to 50 kHz. Fig 2.10 shevytver
spectral density (PSD) of the ambient noise recorded by a decated on the
topmost storey of the ANTARES IL for year 2008 (Lahmann, 2011). The authors
have used an algorithm to remove strong transient signals (mostlpg from the

emitters of the acoustic positioning system). The relics ofsigdials and electronics
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noise show up as spikes between 45 and 75 kHz. They confirm that theleweés
of recorded noise in situ was confirmed to be consistent with theemth®ise of the
system recorded in the laboratory prior to deployment. The obsergéd imoise can
be seen to go below the noise level measured in the laboratoryefprefcies
exceeding 35 kHz. This is due to electronic noise coupling into tharsystthe

laboratory that is absent in deep sea.
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Fig 2.10. Power spectral density (PSD) of the ambient na@sended with one HTI
sensor on the topmost storey of the IL. Occurreate in arbitrary units
(shades of grey), where dark colours indicate highies. Median value of
the in-situ PSD (white dotted line) and the noiseel recorded in the
laboratory prior to deployment (black solid line).
Ambient noise is dependent on the weather conditions on the sea surfste, m
especially wind activity dominates the noise level at thisdbaVind activity is
responsible of motion of the sea surface, turbulences, surfacénieraetions, spray
and cavitation. There are a strong correlation between this noisbeaddta of the
weather stations in this range. Fig 2.11 Left shows the quaditatorrelation with
the weather station at Cap Cépet located at about 35 km nortofwlestANTARES

detector. Quantitative measurements are affected by thedetgace between the
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weather station and the ANTARES site but it can be obsenagdeadorrelation. Fig
2.11 Right shows the noise values, relative to the mean noise bsamales, as a
function of the time of the day. The peak observed at about 1 a. r8.tar@lp. m.

can be related with the shipping traffic in the zone.
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Fig 2.11. Left: Relative variation of the wind speed and fo¢ ambient noise level at
ANTARES site over the first half of 2008. Acoustiata measured on the
topmost acoustic storey of the IL. The plot is thitive variation for better
comparison. The values represent the daily averdgeded by the yearly
average. Right: Ambien noise in the 1-50 kHz frexpyerange as a function of
the time of the day. It is shown the noise relativehe mean noise recorded
during about two years.

At this band (200 Hz - 50 kHz) the transient signals are generated by nifarave

also have an anthropogenic or technical origin. Marine mammals ¢sher
environmental sources) are responsible of the transient signals edristitutes an
important background for neutrino detection. In particular dolphins whistleshwhi
pulse shape is very similar to the bipolar neutrino pulse. The disalplinary
character of the underwater neutrinos telescopes in the Mediamr&sa allows

work in parallel using the acoustic data from two different optics generating
synergies. The acoustic monitoring of the deep sea has a large pdiantia
interdisciplinary research. Marine scientist are using the dcaleta for the study

of marine mammals (Nosengo, 2009) whose knowledge helps to understand and
reduce this kind of background. Above 50 kHz the noise spectrum are dominated by

the thermal motion of water molecules colliding with the sensors.
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2.2 Calibrator for Acoustic Detection of Ultra High Energy
Neutrinos in Underwater Telescope

Searching for UHE neutrinos in presence of strong background of trangiesitss
a challenging task. Due the presence of this background it is ngcassefficient
signal classification able to distinguish between transient backgsigmals and the
expected acoustic signals from neutrino interaction in water. Durinpghgears,
some works have focussed on the search of possible ways toycdassitic signals
produced by a neutrino interaction in presence of acoustic backgrouid2DJes).
Simulation studies were performed to reproduce the acoustic sigodtnesitrino
interaction and their propagation to the sensors within the detetdorth® transient
background were studied. In this work, it was proposed a pre-selectieme for
neutrino-like signals based on matched filtering. An analysis claisisting of
reconstruction techniques for the arrival time, the incident titreof the pressure
wave, and the source position of an acoustic signal was developed. tioraddi
signal classification strategy, based on machine learning thligsri was

implemented in the same work.

In spite of all sensors that conform the AMADEUS system haee belibrated in
the lab it would be desirable to dispose of a compact calibratdintstu” may be
able to monitor the detection system, to train the system and tiinmgrder to
improve its performance for testing and validating the technioek adso for
determining its reliability (Ardid, 2009). Moreover, the possibilitypefformingin
situ measurements of neutrino-like signals generated from a known sgaurce
calibrator) during sea campaigns or even integrating the sourtiee ineutrino
telescope, would permit to verify the simulation results aratalanprove the signal

classification.

An eight-hydrophone linear array (about 8 m length) has been devdiypibe

Northumbria University group for the generation of emulated UHE netitrthaced
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pulses (Ooppakaew, Danaher, & Saldana, 2011). By means of this aeosstic

they pretend simulate the acoustic pulse created from a neutenactitin in water
generating a coherently emitted acoustic bipolar pulse. Theatalitwas developed
using signal processing methods. An eight channel PIC hydrophone array module
was built for processing and control. A linear array simulatiort®neutrino pulses
production was performed in order to predict the shape and directiMiy
Northumbria’s device was tested during a sea campaign in Sept2@idebut, due

to technical problems, results were not conclusive (Danaher, 2012).

In this work a different approach will be presented for a prototylileratr forin

situ evaluation of the acoustic detection technique. The main goal withde
development of an autonomous and optimized system able to reproduce the acoustic
signal (shape and directivity) produced by neutrino interaction using tameic

acoustic sources technique.

2.3 Parametric Acoustic Sources

Parametric acoustic sources have been subject of considersddectesince their
introduction by (Westervelt, 1963) due to the rise of interest pptiations in
underwater communications. Parametric transduction offers a potsuititibn to
several of the problems concerned with transmission to long rathge atoustic
frequencies. The parametric effect occurs when two high inteoréhary signals
co-exist in the water. The nonlinear behaviour of the watertseisuthe generation
of sum and difference frequency components of these primary sigheldifference
frequency component is of particular interest in underwater aceustigs low
frequency beam may be considered to be radiated from a virtagl @frecoustic
sources, distributed continuously throughout the water interaction regg8. ().
In the process of conversion of the primary frequency waves to tfezedce

frequency wave the source seems to be shaded exponentially, welasingr
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distance from the transmitter. This is because of the attenyatiduced by viscous

friction and other effects in the water.

Primary End-fire Virtual Array Secondary Beam
Source

Primary Beam_/

« Effective Array Length >

Fig 2.12. lllustration of the virtual array in the water iraetion region of the two
primary beams where the parametric effect takesepla

The resulting polar response is of narrow beam width, due to the apefttive
virtual array comprises many thousands of wavelengths. It atstheaunusual but
sometimes useful characteristic of being free of side lobeshdfmbre, the
parametric conversion process provides great frequency aghligjisilbecause, even
though at the primary frequency the transducer may have only a rpoojesttional
bandwidth, the parametric down-mixing process makes all this bandwiithlde
at the lower secondary frequency. In principle, this should enable pecame
transduction to be used for high data rate communication, or for widkdignal
processing techniques.
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Fig 2.13. Directivity pattern of a parametric source. (anfary 418 kHz, (b) Primary
482 kHz, (c) Beam pattern of difference frequerteykHz.

The parametric generation is a cumulative process. The difeefezguency wave
grows in the source volume made of the primary waves. The Westaradel
exemplifies this principle by considering perfectly collimated prynbeams: the
source volume is in fine interpreted as a virtual array whessgth is only limited by
the linear absorption of the primary waves. The parametric @itgcts thus
proportional to the square root of the array length. In addition, the basempa
devoid of side-lobe.

Since the Westervelt proposal many other models have been prépokaddling

more realistic source distributions (Moffett & Mellen, 1977; MtfféMellen, &
Konrad, 1978; Muir & Willette, 1972; Tj6tta & Tjotta, 1980), i.e., by taking int
account altogether diffraction, attenuation and saturation phenomena. tn mos
applications, the width of the beams is relatively narronaalund the main axis
(e.g., sub-bottom profilers). The paraxial approximation is thus conveaierddel

such transmitters. In the underwater domain, a classical apphicattiparametric
transmission is sub-bottom profiling: due to the large attenuationlamfrequency

waves can penetrate the sediments; but narrow beams aregalsed¢o improve
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the profile resolution. Recent projects have studied the feasitulidetect buried
objects by means of high resolution imaging. The idea is to combinerdragiec
transmission and the synthetic aperture sonar techniques. The parametnoustam
be narrow in one direction to achieve the required resolution inteeyand
sufficiently large in the perpendicular direction to perform thelstit aperture
process. The paraxial approximation is then no longer sufficient to ntbeel

parametric projector.

Most of the work cited till here has been directed toward what lmeagalled the
steady-state, or narrow-band, version of parametric source wherei discrete
primary-frequency components of equal amplitude interact in a nonkoeastic
medium to form a difference-frequency component. Parametric giemecan also
be reached using transient, or broad-band, signals (Moffett SoMEN79). In this
reference authors discuss the transient parametric source ¢h whinodulated
primary beam generates a transient signal related to the modwatvelope. For
example, a primary beam consisting of a single high-amplitude pulseatgna
secondary transient signal that can be associated with the up angdudsof the
primary pulse. The transient version of the parametric array is sometfag®d to
as self-demodulation because the result is similar to the dertiodwéthe original
signal. The transient parametric array is a generalized form of thg-stadel array.

The latter is the result of a typical modulated waveform:

co{w0 Jt—co{ th— 25|6 J sifet) (2.11)

Wherewy is the primary frequency andlis the parametric desired signal. Which is

the same of a carrier frequensy modulated by an envelope of the form:

E(t) = sin(%] 2.12)
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Theory for parametric transient sources is based on the Wastiemmulations.
Following (Moffett & Mello, 1979) the pressure distribution along the #&xisa

secondary beam generated parametrically emitting transient signals follows

(14 B) _Ps o[ xT] 2.13
P(xH [1+2A)16npc4ax6tz{f(t cﬂ ( )

In this equation(1+ B/2A) is the non-linear parameter of the medium, the values A

and B are the coefficients of the first and second order tefritee Taylor series
expansion of the equation relating the pressure and the density of thermEdr
seawater is about 5.25 at 20° temperature and 35 %o salinity con@i{iaméton &
Blackstock, 1998). Wher8is the area of the transducer surface, are the density
and the sound velocity in the medium respectivelis the absorption coefficient of

the mediumP is the pressure amplitude of the primary signal ad- x/c) is the

envelope of the primary transient signal which modulates the prifrequency. It
is remarkable the temporal dependence of the parametric sighdhesisecond time
derivative of the square of the envelope function. This could be usefutier to
design primary transient signals which generate parametric sigitésa pre-
determined characteristics. The pressure distribution out of theaaxize described
by the next equation, in this case it follows the first timevdésie and takes into
account the angular distance to the axis:

p(x,8,1) :[1+ E)L?[sinﬁ)i i|if [t _JH (2.14)
2A ) 16mpcia x 2) ot c

In both situations, steady-state and transients, the main disaglvaritparametric
transduction is its low-power conversion efficiency, which is usdeflg than 1%;
that is, equivalent to at least 20 dB of power loss. The low-powerecsion

efficiency may be offset, for long distance transmission, byaiver attenuation at

the secondary frequency. Despite this, parametric acoustic secioégue has some
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properties that result very interesting to be exploited for thelgmwent of an
acoustic calibrator for neutrino detection:
a. lItis possible to obtain narrow directional patterns at small overall
dimensions of primary transducer.
b. Absence or low level of side lobes in a directional pattern on a difference
frequency.
Provides broad band of operating frequencies of radiated signals.
d. Since the signal has to travel long distances, primary high-frequency signal

will be absorbed.

For all these reasons, and some more detailed in the next sdusisectnique could

be interesting for the development of an acoustic compact calibrator.
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3

Evaluation of the
Parametric Technique for the
Compact Acoustic Calibrator

In this Chapter a set of different experiments performed in ocdgaltdate and
evaluate the parametric technique is described. These experifoatge an
ascending trajectory, in terms of application of the technique andagida to the
final goal: to apply it in the design of a compact calibrator ttbteimic the acoustic
signature generated for the UHE neutrino interaction in water. Fgyr dhi first
approximation, a simple experiment using planar transducers wasrtivgygtaint.
The next step was the incorporation of the cylindrical symmeteyiission and the
study of the ability to control the shape of the parametriggtyerated signal. To
finish these first steps, a possible array configuration of cyiabtiansducers was
evaluated. The results and conclusions of these primary testietaiked in this
Chapter.

3.1 Planar Transducers

Initially, drawing on the work of (Ardid et al., 2009), studies and expartmwere
done with the aim of understanding the parametric generation and engltrei

feasibility of this technique in the generation of the particalaustic neutrino
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signature. In this first stage a simple configuration using plaasducers as
emitters in a controlled laboratory environment was chosen. Thefdinis study
was to evaluate the technique and setting the basis for defsigin of the calibrator

using parametric generation.

3.1.1 Experimental Setup

First test was performed in the Ultrasonic’s Laboratory abEsPolitecnica Superior
de Gandia (EPSG). The experimental setup follows the classibeime of
confronted emitter and receiver transducers into a water tank ok DB% x 0.80
m3 volume. Two fixed planar transducers TC3027 and TC3021 (Teledyne
RESONO®), with resonance frequencies of 1 MHz and 2 MHz resphttivere used
as emitters. It was used a digital function generator PCI-5412 {44160MS/s,
National Instruments©) and a linear 55 dB RF amplifier ENI 1048NI,
Rochester®) to fed the emitter. As a receiver a TC4014 d¥iete RESON®)
hydrophone mounted on a micropositioning system LF-5MICQS GmbH®)with

a precision better than 0.1 mm was used. This transducer is rardioectional,
broad-band spherical hydrophone with flat frequency response below 40énkiHz
sensitivity around -186 dB (ref. 1V/uPa). Above 400 kHz the sensitigtyeases
with the frequency but it is still enough sensitive to detect pyirhaams at 1 and 2
MHz. For parametric studies this sensitivity pattern resdty eonvenient by the
fact that it is enough sensitive to primary frequencies, allowmgasy and fast
alignment of the system, and, on the other hand, it is more sensitiieaa a flat
range in the region where the parametric signal is expected. Fdigitadization of
the received signals NI PCI 5102 (8 bits, 20 MS/s, National Instrg@gmias used.
Fig 3.1 shows a schematic view of the experimental setup and theriastation
that comprises it.
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Positioning System)/

»

PCI- 5102

RF Amplifier PCI - 5412

Fig 3.1. Experimental set-up

3.1.2 Methods, Analysis and Results

The goal of this study was to prove that it is possible to reproduce acoustic neutrino-

like signals through the parametric effect. For this purpose tie characteristics
of the acoustic neutrino signal, shape in time and directivitye wealuated as well
as the non-linear behaviour of the parametrically generated signal.

Applying the knowledge in transient parametric sources (Moffett &lévi, 1977)

the signal shape for emission which parametrically geneeat@polar pulse was
calculated following the Eq.(2.13). Following this equation, it is concubat the

waveform of the secondary parametric beam is related withséicend time
derivative of the primary beam envelope. As the objective isrgténg a bipolar

pulse, is easy to conclude that the envelope of the primary beanbeatlel integral

of a Gaussian function, which will be parametrized by the Error Function.
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For instance, Fig 3.2 top, shows the
waveform used to feed the 1 MHz
emitter before amplification (after
amplification the peak amplitude used
was around 120 V). On the bottom figure
the received signal is shown, the primary
signal is clearly visible at first sight
(solid line). To distinguish better the
parametric signal a low-pass
Butterworth filter (200 kHz, 10th-order)
was applied. Filtered signal is shown by
the dashed line, where the bipolar signal
is clearly seen. Considering that the
sensitivity of the receiver at 1 MHz was
29 dB lower than the sensitivity for low
frequency, the pressure amplitude of the
bipolar signal in the water tank would be
in the [0.1-1%] range of the amplitude of
the received signal (primary beam). As

MHz emitter). Bottom: Received expected, the shape of the bipolar signal
signal (black line) and bipolar signal was following approximately the second

obtained after applying the low-pass

filter (blue line)

time derivative of the envelope of the 1
MHz modulated signal.

In order to make sure that the secondary beam has a non-lineaiobghthe

amplitude of the parametric signal, as a function of the voltageedpfsi the

transducer, was measured. Fig 3.3 shows the amplitude behaviour etehed

signal, without filtering (main component is the 1 MHz, primary beam) and with the

low-pass filtering (basically the parametric bipolar signetosdary beam). Linear

behaviour is observable for the amplitude of the primary beam. Whdoeathe

secondary received signal (parametric bipolar signal) the amplitedaviour is



3. Evaluation of the Parametric Technique for the Compact Acoustic Calibrator

proportional to the square of the amplitude of the input signal, showing the non-

linearity of the effect.
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Fig 3.3. Amplitude of the received (primary beam) and féii(bipolar, secondary
beam) vs amplitude of the input signal.

The directivity of the parametric generation was measured anpacechwith the
directivity of the transducer emitting the primary beam. The tiligcpatterns were
measured in a perpendicular plane to the emission axis with a didtetheeen
emitter and receiver of about 80 cm, see Fig 3.4 (left). In dmleompare both
directivities (primary and secondary beams) data have been imthab the
maximum value in each case. In absolute numbers, the amplitudenafyphbeam is
approximately 300 times larger than the amplitude of the secobdary. Notice
that, although the spectral content of the parametric signal (<200 kHz) is coynpletel
different to the primary one (1 MHz), both beams have a sidlitactivity pattern.

To complete the tests with planar transducers, the amplitude depenafetie
primary and secondary beams with the distance between the emitter and thes receiv
was measured along the radiation axis (Fig 3.4 right). As expectessupge
amplitude of primary beam decreases with the inverse of ttaedés However, there

is a softer decrease in the case of the parametric signale Theasurements are

compatible with a decrease with the inverse of the square root of the distance.
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Fig 3.4. Directivity patterns (left) and distance dependefragght) of the primary and

secondary (parametric) beams.

According to the results obtained in the study of the parametricajgmetechnique
using planar transducers it seemgriori, possible to generate neutrino-like acoustic
signals using this method. Following the bases on parametric generatitakiagd
into account these results, as first approximation, it is possibleam directive low
frequency beams with small transducers (high frequency transdwebia), could

be very convenient to reproduce the pancake directivity with dewrces in a

compact design.

3.2 Cylindrical Transducers.

Next step was an extension of the previous studies (Planar Trargdlrcthis case,
evaluating the parametric acoustic source technique dealing hatleyindrical

symmetry and studying the capability to control the shape of thenptreally

generated signal (Ardid et al., 2012). Although the theory behind it satine, to
achieve the cylindrical symmetry is, in practise, a challetige to the larger
geometric attenuation, the scarcity of transducers availabli, fand the lack of
experiences and literature in the use of the parametric acgostices effect for
transient signals by cylindrical transducers. In the next sectimgxperimental

setup, the different studies performed and the analysis results are described.
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3.2.1 Experimental Setup

As previously indicated, one of the novelties in these tests was the usendficali
emitter. A commercial Free Flooded Ring (FFR) transducer S3&3sportech©) was

selected as emitter.
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Fig 3.5. a) Transmitting voltage response. b) FFR SX83. ic¢diivity pattern. d)
Electrical admittance.

The FFR transducers have ring geometrical form maintaining the lsgpanostatic
pressure inside and outside the ring so reducing the change of propetties of
piezoelectric ceramic under high hydrostatic pressure. For thesensethey are a
good solution to the deep submergence problem (Sherman & Butler, 2007). The FFR
SX83 is an efficient transducer that provides reasonable poveds xer wide range
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of frequencies, and deep ocean capability. Its radiation pattern is omniethiedati
the perpendicular plane to the ring axis, while the directivity inother planes
depends on the cylinder height, 5 cm (11.5 cm diameter). It preseats eesonance
peak at 10 kHz and a secondary one at 380 kHz (Fig 3.5 d). Thélivgrsathe
frequency work range of this transducer allows designing a devicéoatdery out
several acoustic-related tasks in an underwater neutrinocdpkesthis point will be
extended in Chapter 4, section 4.2.

The experiment was carried out in the same Laboratory, confrosivitier and
receiver transducers in a water tank (1.10 x 0.85 x 030Tie transducer was fed
using a function generator PCI-5412 (National Instruments©) and a IRlear
amplifier 1040L (55 dB, ENI©). To measure the acoustic waveforragherical
omni-directional hydrophone ITC-1042 (International Transducer Corporation®©)
connected to a conditioning charge amplifier CCA 1000 (Teledyne RESON®) and a
digitizer card PCI-5102 (National Instruments©) were used asvercsystem. With

this configuration the receiver presents an almost flat frequesppnse below 100
kHz with a sensitivity of about -180 dB, whereas it is 38 dBdessitive than at 380
kHz. The election of the receiver system was motivated toumh more sensitive to
the bipolar pulse (<100 kHz), generated parametrically, than tpriimary beam
(380 kHz). A three-axis micro-positioning system LF-5-DM@GOS GmbH®)was
used to move the receiver in three orthogonal directions with a noatioadacy of
10um. All the signal generation and acquisition process was conducteddtipadll
Instruments PCI-Technology controller NI8176, which also controls tloeomi

positioning system.
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Fig 3.6.  Left: Receiving voltage response (sensitivity)red tTC-1042 + CCA1000
set using the measurement configuration (10 kHz)A,20dB). Right top:
CCA1000, bottom: ITC-1042.

3.2.2 Methods, Analysis and Results

With the aim to analyse the capability of controlling the shapieegbarametric signal
generated in the medium, measurements using different emittedssigaee

performed. Starting from the default bipolar signal given by tlegiat of a Gaussian
function with a sigma of 5 ps, the envelope functiirx/c) was calculated by

integrating twice the expression. The shape of this signal wasietbdither using

a different sigma (in the Gaussian function): 2.5, 5, 10 or 20 us, or by separating the

positive and negative parts of the bipolar pulse adding a coastatitude cycles in
the middle of the signal with lengths: 0, 5, 10, 20 or 50 us. Fig 3.7 showeso$dne

signals used for emission.
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Fig 3.7. Examples of different signals used for emissionstady the shape
dependences of the secondary parametric bipolaepukft: the default
signal with 5us sigma. Centre: signal with 1@ sigma. Right: signal with
5 us sigma and with 5@s length of constant amplitude in the middle.

The received signals were, in general, a mix of the primary la¢&80 kHz (main
component) and the secondary signal produced by parametric effect. intamrde
distinguish these components, a band pass filter ([250 - 450] kHz) waedafupl
the primary beam, whereas a band pass ([5 - 100] kHz) filterused for the
secondary parametric beam. Fig 3.8 shows some examples of resigmats,
primary and secondary beams. An interesting parameter for thig isttide time
separation between the maximum and minimum of the sigitalds expectedat
increases with the sigma used, from 7-8 s (for 2.5 and 5.0 p9 sighfall s (for
10 and 20 us sigma). With respect to the constant amplitude addednmddle of
the signal, for small lengths it results in a moderate inerefst, but no clear

separation between positive and negative parts is observed. Haolnbedength is
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very large (50 us), this separation is clearly observed, as shokig 3.8 (right).
Therefore, from this study can be concluded that the shape of Hregiac signal
is, approximately, the second time derivate of the primary signal@pe, so there

are some different possibilities to control the parametric signal generated.

Dgfault Sjgnab; 5us Signalg = 10pus Signalg = 5ps, 50ps length
0.6 1 0.6}
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Fig 3.8. Received signals (gray), primary beam (black) aacimetric secondary
beam, i.e. bipolar signal (blue) for the emittegnsis shown in Fig 3.7.
Bipolar signal (blue) has been multiplied by a éaadf three for a better
visual comparison. The maximum and minimum of tilar signal used
to calculatedt and 8V are highlighted (orange). Notice that for thetlas
signal, the constant amplitude between the risdahdf the primary beam
results in a separation of the positive and negatarts of the bipolar pulse.

As in previous section using planar transducers, the parametric tigmardunction

of the emitted amplitude has been studied comparing the amplitudet¢peaak,
dV) of the primary and secondary beams. From theory, a linediorehip for the
primary beam and a nonlinear behaviour of the secondary beam (propdditirel
square of the amplitude of the input signal) is expected. Fig &)3tiews the results
of this study using the default signal, that is, the short signal with 5 us sigtima. Fit
the data to potential functions shown that the exponent for the secdrsdaryis
twice the exponent of the primary beam, which agrees with theanyeter, the
exponent for the primary beam is slightly below one. The reason fatatigtion is

probably due to saturation effects in the transducer part.
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Fig 3.9. Left: Normalized amplitude of the received priménsgam and the secondary
(bipolar) signal as function of the input amplitudefed the transducer. Right:
Amplitude dependence with the distance of the piymand secondary
(parametric) beams. The results of the data fésaéso shown in both plots.

The dependence of the parametric signal with the distance frotratiselucer has
been studied evaluating the decreasing amplitude of the primary amadasc
beams in function of the distance (at O degrees, that is, aligned emittecaiven).
Results of this study using the default signal can be observed iB.Fifight).
Potential functions have been fitted to the data with good agreemettiefimary
beam, it is expected an exponent of -1 for an omni-directional (spheransducer,
and -0.5 for an ideal non-diverging cylindrical transducer. Since tlfie $X83
transducer is cylindrical, but it is clearly diverging, the vabfe-0.84 seems
reasonable. For the secondary beam it was expected a signifgraatlgr exponent

since parametric generation is being produced in the medium, satféeasmall

distances. At distances of about 1 m, the amplitude of the bipolar pulse is two orders

of magnitude lower than the amplitude of the primary beam. Howeveiidedng
the attenuation and the higher absorption at high frequency, at distageestian a
few hundred meters the bipolar pulse will be dominant. Therefore, fapfiieation
in underwater neutrino telescopes, it can be considered a ‘clean’ technique.
As it has already been highlighted in previous sections, the main ageasftusing

the parametric technique is the possibility of having broadband laudrey
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directive beams, which is an essential aspect to have bgigrals with ‘pancake’
directivity. To finalize these tests the directivities obtdif@ primary and secondary
beams have been compared. The results using the default sigshbase in Fig
3.10. It can be observed that, despite the differences in the smecttaht, both,
primary and secondary beams have similar directivity patterns.
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Fig 3.10. Directivity pattern of the primary beam and theosetary beam measured
in the water tank at 60 cm distance between endtidrreceiver.

The laboratory tests performed to understand the control of the bigudqe
(secondary parametric beam), the studies about amplitude depentilsacendary
beam with the voltage applied to feed the transducer, also its depemndémthe
distance to the emitter, as well as, the measurement of gwivty pattern show
that the acoustic parametric sources technique is a promisinihabebuld be used
to generate neutrino like signals with good directivity using a cyliabtiansducer
(or a compact array with a few of them).

To verify the previous studies over longer distances, a new study te same
emission-reception systems but now submerged in a larger pool (6.3 £.3.6%
was performed in order to obtain the dependence of the pressuradevélinction
of the distance. It was also compared the directivity patteitis 283 m distance

between emitter and receiver. Fig 3.11 summarizes the resuhesef studies. On
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the left (distance dependence amplitude plot) a different beh&viobserved
between both, being a clear evidence of the generation of the sgcbipdéar pulse
by the parametric acoustic effect. Again, despite the diffeeit the spectral

content, both, primary and secondary beams present similar directivity patterns
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Fig 3.11. Amplitude of the primary and secondary signals dsirection of the
distance and directivity pattern for both beamstrhlization values (a)
Primary beam: 166 kPa, Secondary beam: 200 P&rifimary beam: 27
kPa, Secondary beam: 80 Pa.

Finally, to estimate the effect of the propagation on the bipofanpetric signal, the
received signals of the experimental measurements, performed ssiglp
cylindrical transducer in the pool, have been extrapolated to longer distances (on the
km range). For this purpose, an algorithm that works in the frequency rdami
propagates each spectral component considering the geometric spheapreésure
beams as 1/r and its absorption coefficient (S. Bevan et al., 2088¢d5s &
Garrison, 1982b) has beéeveloped (Fig 3.12). The propagation code starts from
the registered signal (Rx) (by the receiver ITC-1042+CCA-10G)me domain.
From the received signal in frequency domain, and knowing the recenstity,

the pressure amplitude of each spectral component is obtainedsarbdeapressure
amplitude at 1 m from the source. From there, each spectral comijpeopagated

considering its absorption coefficient in the propagation medium. Fasttidy, the
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propagation was simulated for the sea conditions in the ANTAREST@ble 3.1
and Fig 3.13 contains the values of the different parameters used for the propagation

simulation.
*Rx P *Px
V(1) *V(f) o0 P(f) = POTU)e—a(Or P(t)

Fig 3.12.Schematic view of the propagation algorithm

Fig 3.14 shows the results of propagating the received signal éregisit 2.3 m
distance E-R) over the propagation axis of the emitter. In this plot, no filter éas be
applied, the propagation medium acts as a natural filter. High freiggeoicthe
primary beam are absorbed and, at km range, only low frequencies reraairthE
theoretical propagation can be extracted that for a single elemesngxipected to
have a bipolar pulse with a 40 mPa amplitude peak-to-peak at 1 km, approximately.
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10
Sea conditions ANTARES site ”
Depth (m) 2200 -
= 10
Sound Speed (m/s) 1541.7 g
Salinity (%oo) 38.5 g1
Temperature(°C) 13.2 10°
pH 8.15 16 ‘ ‘ ‘ ‘
10" 10° 10" 10° 10° 10"
Frecuency (kHz)
Table 3.1.  See conditions Fig 3.13. Sound absorption coefficient in
in the ANTARES site used the ANTARES site.

for the signal propagation.
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Fig 3.14. Signal obtained by the propagation of the receisigphal to distances
beyond 1 km. Notice that received and propagatgdasiare shown in
different units.

A possible drawback of the system is that the parametric gemeratnot very
efficient energetically, but since bipolar acoustic pulses fromEddeutrino

interactions are weak, they can be afforded having reasonable pawkr dé
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primary beams. Considering an array configuration, with three elefeeritsphase,
it is expected to have 0.13 Pa amplitude peak-to-peak, which is a gesdirpre
reference for neutrino interaction calibration of thé°HY energy range (S. Bevan
et al., 2009). Therefore, with the goal of reproducing the ‘pancakettiity, to
cover long distances and improving the signal level of the non-lxezan generated
in the medium, a three elements array configuration has been progosessible

solution.

3.3 Array Configuration Evaluation.

Once the single cylindrical transducer had been characterized polaibipulse
generation using the parametric technique, all the required inputiedigning an
array able to generate neutrino-like signals with ‘pancake’ tdifgc (with an
opening angle of about 1°), are available. It is intended to obtain & energetic
and directive bipolar pulse by the interaction, at long distancabegbarametric
beam generated for each element of the array. Fig 3.15 shows an eexdirtip
results for calculations performed by summing the contributions fefrlift sensors
for far distances at different angles. In this example, a liaxeay of 3 elements with
20 cm separation from each other could be enough to obtain an opegiagfin
about 1°.

Finally, to prioritize the handling by a compact design, an array cadgns3 FFR-
SX83 transducers with a distance between centers of 7.5 cm, lla@iagtive part
of the array a total height of about 20 cm, was proposed and testedrdéelements
are maintained in a linear array configuration by using threeviilrasmechanical
holders as is shown in Fig 3.16. In a primary stage the bars camefso hold the
array and orientate it in the tests.
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Fig 3.15 Pressure signal obtained at different angles foree-element array.

Measurements for the array characterization were performaa @mitter-receiver
configuration using a pool of 6.3 m length, 3.6 m width and 1.5 m depth. Theremitte
array, which was 70 cm depth, was fed using a function generator PC{MNetichal
Instruments®©) and a linear RF amplifier 1040L (55 dB, ENIO). Tasuee the
acoustic waveforms a spherical omni-directional hydrophone ITC-1042
(International Transducer Corporation©) connected to a conditioning charge
amplifier CCA 1000 (Teledyne RESON®) and a digitizer card-PI02 (National
Instruments®©) were used as receiver system. With this guoafion the receiver
presents an almost flat frequency response below 100 kHz vetisdigty of about

-180 dB, whereas it is 38 dB less sensitive at 380 kHz. The ksegsitivity at lower

frequencies is very helpful to better observe the secondary beam.
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Fig 3.16. Photography of the array during the initial testd geometric configuration
of the array.
For these tests emitter and receiver were aligned andgpesitmanually with cm
accuracy, which is enough for these purposes. The results obtaired array tests
are summarized in Fig 3.17. An example of a received signal (4.4Bdihe primary
and secondary beams obtained after applying the bandpass filtesedteary
beam has been amplified by a factor of 3 for a better observatiershown in Fig
3.17 Left. It is possible to see how the reproduction of the signpéshachieved
agreeing the results expected from theory and previous observatioassiiogle
element. The amplitude of the primary beam is less than inrike flement test
because the same linear RF amplifier 1040L (55 dB, ENI©) wastaskeed the
array of three elements, with the consequent power distribution gpedamnce

change, resulting in lower feed tension for each transducer. Fig h7dRows the
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directivity pattern measured at a longitudinal line defined byathay axis. The
directivity measurements were performed with a 2.7 m separagitween the array
and the receiver. It is worth to mention that for the secondary beafrull Width
Half Maximum (FWHM) in the array configuration is about 8=8°) , for a single
element the FWHM was about 14>=6°). Moreover, the pattern for the array should
be a little more directive for far distances since the signals of thee é¢lements will
be better synchronized.
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Fig 3.17. Left: Example of a received signal and the primamg secondary beams
obtained after applying the band-pass filters gbeondary beam has been
amplified by a factor 3 for a better observatidright Directivity patterns
of primary and secondary beam emitted with theyarra

The same propagation exercise (Section 3.2.2) was carried outheitsignals
emitted with the array. Fig 3.18 shows the results of the propagatiepolssible to
observe that, despite the primary beam is dominant at shoriaistdhe secondary

beam is larger for long distances due to the lower absorption.
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Fig 3.18. Signal obtained by the received signal (Fig 3.fapagation. Notice that
the received and the propagated signal have diffenagnitude orders.

As previously indicated, the amplifier used is not very effictenfeed the three
elements together due to a mismatch of electrical impedandeshanefore, each
transducer provides a lower pressure beam. Thus, for the finalsasm, is it
essential to work in parallel on electronics and have a dedicatglifier for each

transducer.

In the next chapter the work in the compact array design and it§icpésttronics

for the feeding and operation will be detailed.
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Prototype of the Versatile
Compact Array

In this Chapter the design of the compact array calibrator prot@ypesented. In
the following sections the philosophy of the design, construction detailtesisd
performed will be described. Finally, the status and some ideapésisible second

prototype will be argued.
4.1 Design philosophy

The aim of this work is the design of a compact transmitterniercalibration of
acoustic neutrino detection arrays. The transmitter must bé&adpaerate neutrino-
like signals to check and train the feasibility of the UHE nieaitacoustic detection
technigue. As detailed previously, the use of parametric techniqueenfsregood
results to generate the bipolar directive pulse. The only drawbaadk loeuhe low
efficiency of the technique, but since bipolar acoustic pulses @biR-neutrino
interactions are weak, they can be emulated with reasonable powets of the
primary beams. For this first prototype, the detection threshold (28) roPthe
AMADEUS system has been adopted as amplitude pulse limit. Thévpasisults
of the tests performed with the cylindrical transducer FFR-SX#&3fact that it can
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work in two frequency ranges (Section 4.2) and its great robustnessk@indeep
Sea were determinant to choose it for the prototype. In partidoladeal the
amplitude and directivity requirements, a set of three FFR-SX&3pnoposed. The
array disposition enhances the parametric beam. At long distaneesstilt of the
interaction of the three parametric pulses, will be a moretdieesgnd energetic one.
Moreover, it should be a compact transmitter which facilitiselsandling during a

Sea campaign or, in a future, to be integrated in underwater telescopes.

In the following sections some aspects that need to be dealt and solvée
detailed. Starting with the mechanical design of the arraydimd the assembly of
the transducers in array and the required anchors to handle it d@&agcampaign.
Special attention require the anchors design and the Sea campaiggystDue to
the high directivity of the bipolar pulse is crucial to be ablertentate the emitter to
the receivers for having a successful Sea campaign. Fae#sien rotating anchor
plus a location register system (Section 4.4.2) and a test strategy havkebigmed
to handle the transmitter from a vessel. The developed regjstmns helps to
orientate the emitter to a known receivers location and also gemeréog with the
position of the emitter and the current time of each emissiomfAllis information
is essential during the post-processing tasks.

The versatility of the transducers that compose the array ataymportant role in
the test strategy, being possible tagging the parametric emissiom lmpolar pulse
by the emission of non-directive signals after and before dfipiodar directive pulse,

and also by emitting long directive parametric signals which are easieetd. det

Dedicated electronics (Section 4.4.1) to drive the array of dcaensors, able to
generate and amplify the signals in both different frequency rangdsing

developed to have an optimized system. For parametric generdierthe low
efficiency of the effect and the little impedance at high frequetids is very

challenging.
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4.2 Transducer versatility

The characteristics and benefits presented by the FFR-SX83geldmed for an
array prototype are listed in the previous Chapter (section 3l2.particular the
cylindrical geometry of the transducer is sought so that thesenks are as close as
possible to that produced by the hadronic shower. The versatilibe ifrequency
range of the selected transducer (FFR-SX83) opens up the possibitiirry out
different tasks with the same device. Although the primary apiolicaf this
transmitter is to generate the acoustic signature of a neutrinquodsgbility of
working in two frequency ranges (~5-20 kHz and ~400 kHz) allows thersy®
carry out several acoustic-related tasks in an underwater nettliescope: the
aforementioned acoustic detection calibration, receivers catibratnd emitters
monitoring of an acoustic positioning system and even acting as transceiver for such
a system. Certainly, this could reduce the overall costs afebessary calibration

systems and facilitates the deployment and operation in the deep sea.

Another benefit to work in the two operation modes is the possituiligg the bipolar
pulse emissions when the array is used as acoustic detection calibrator, this could be
essential during a Sea Campaign. The detection of this weakwdirgighal, emitted

from a boat, by the AMADEUS system several kilometres awagry challenging.

For this reason, a measurement strategy has been developedrikagount the
array versatility. A three step calibration (Fig 4.1) is $een, increasing
progressively the difficulty. Firstly, a long broadband low frequemmy directive
signal (sweep signal for example) can be emitted. Since it is directly @& (nideby
parametric generation) it could be of high amplitude. Moreover, & at low
frequency signal, the attenuation will be small and it will be noective, so the
orientation should be easy. In addition it has broadband, so procestingties (as
cross-correlation) could be applied. For all of this it should be quite easy to detect it
In a second step, a long parametric signal could be emitted. Incargotiae

directivity challenge and dealing with higher frequencies, i.e., due tdothe
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efficiency of the parametric effect and as absorption consequeneg,dowlitudes.

In this second step and, despite the difficulties due to the amptifutie received
signal, it could be still taken the advantage of processing techniquedly Fthe
parametric bipolar signal, that is transient and directive, cbalcemitted. The
emission of the last one might be tagged, that is preceded and followed by signals of
the previous modes. In this way it will be easier to look for tpelar signal during

the post processing, looking at the correlation peaks of the recéjved and the
known expected tag signals.

31 Step:
Parametric Bipolar signal:

transient & directive

2" Step:
Long parametric directive signals
®

1st Step:
Long broadband non directive signals

Easy to detect
©

Fig 4.1. Diagram of the three step calibration strategy.

The transducer was tested using these long broadband signals. This st

can be used in both modes of operation: generated directly atdquweficy, or
generated parametrically at 400 kHz. Fig 4.2 shows some téhts \parametric
sweep (400 kHz signal modulated by a 10-50 kHz sweep signal). Using this signal it
is possible to obtain a low frequency sweep signal from parargetraration, which

is highly directive. On the left side of the figure, it is shatva emitted signal (top)

and the expected parametric signal (signal to be used for thecmoslation)
(bottom). On the right, the received signal (top) and the signal obtaifted
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correlation (bottom) are shown. The main peak in the corretéged! indicates the
time of detection. Knowing the sound velocity it is easy to deterthmemitter-
receiver distance (this will be the reference peak in positioning tasks)nthmirey
peaks are due to reflections on the pool walls and on the surfacemeher the
different peaks agrees with the geometric dimensions of the séimdasurements
were made in a pool of 6.3 m length, 3.6 m width and 1.5 m depth. A FFR-SX83
transducer was used as emitter, and the receiving hydrophone useastoartbe
acoustic waveforms was a FFR-SX30 (Sensortech®©). The didtethween emitter

and receiver was 4.3 m. The following DAQ system was employed for emission and
reception. To drive the emission, a 14-bits arbitrary waveform gemepX1-5412
(National Instruments©) was utilized with a sampling frequen&0d¥iHz. A linear

RF amplifier (1040L, 400W, +55 dB, Electronics & Innovation Ltd. ©) was handled
to amplify the emitted signal. For the reception, an 8-bit digif2dr5102 (National
Instruments©) was used with a sampling frequency of 20MHz.
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Fig 4.2. Emitted and received signal for the parametric paest. The correlated
signal is the result of correlation between paraimetxpected signal and
received signal.

Fig 4.3 shows the result of a comparative directivity studyhefdifferent signals
used: Sweep signal from 5 kHz to 25 kHz (low frequency signal), gdrarsweep

91



Part I Design and development of an acoustic calibrator for Deep-Sea Neutrino Telescopes.

signal, i.e. 400 kHz signal modulated by a 10-50 kHz sweep signal (tlietpvency
directive signal is generated parametrically in the medium),aabégolar pulse
generated parametrically (transient and directive signal). Batametric signals
have a clear directive pattern whereas the direct swgegl $6 non-directive since
the transducer is not directive for low frequencies. The resultst be taken with
caution due to the geometric limitations of the tank, especiallihifosweep case.
For this case, since the receiver hydrophone is not a direethadticer and the tests
were done using long emitted signals, the reflections on the bottom and on the water
surface might affect the correlation results. The different behavior ahp#aie and
non-parametric signals is evident, however. The possibility of havifegedit kinds
of signals will allow to perform different kind of calibrationdéor to do calibration
in different steps.
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Fig 4.3. Directivity comparison of the three different kinfisignals generated with
the selected transducer. These signals are proposétke different steps
of the strategy for a Sea Campaign.

4.3 Mechanics

For the prototype, the transducers have been fixed around an axisflesibig
polyurethane (EL110H, Robnor resins Limited®©) as assembly matérias
polyurethane offers water resistance and electrical insulatidnigh frequency and
high voltage applications due to the nature of the cured polymer. EL1E0H a
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provides excellent resistance to thermal and mechanical shock gnigenuged in

applications to —55°C. Fig 4.4 shows the compact array prototype.

PERSPECTIVE

ELEVATION
130

0 | 120°

5
L \/ 150°
| \

364

Fig 4.4. Constructional drawings and photo of the array wlit holding system.
Dimensions in mm.

Its compact design is remarkable, with an active surface lengthanit 20 cm. A
holding system was designed with the aim to test the prototypeea agnpaign,

therefore, to be operated from a vessel. The perforated ring shdvig 4.4 (top-
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left) is the piece that holds the array to a fastening struathbich, in turn, acts as a
rudder and allows to rotate the device around a perpendicular axésgedmetrical
array axis. The last item is significant due to the high dirggdf the bipolar pulse.
It is very important to be able to orientate the emitter to the receirigr4.5 shown
a simulated view of the array operated from a vessel and segpdth the fastening
structure.

Fig 4.5. Artistic view of the array operated from a boatidgra Sea campaign
calibration.

The designed fastening structure was built by Mediterraneo SéVlatéimas S.L
and facilitates operating the device from a vessel besidesngffcontrol of the
rotation angle. This structure is composed of two differentiated gartthe one hand
the head (Fig 4.6), that ensures the device to the boat and enabaségement of
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the rotation through its rudder. On the other hand the modular arm,lithas a
immerse the device up to 20 m deep. The mechanical arm is madsiaps of 3 m,

S0 it is possible select the depth by adding more or less 3 m(@&imsotal) to the

head of the structure.
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Fig 4.6. Constructional drawings of the head of the fastgmsimucture. Real view
of the rudder is shown in the perspective view. &isions in mm.
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4.4 Electronics
4.4.1 Electronic Emission Board

The final goal in the development of the compact calibrator is buildimg
autonomous and optimized system. For this reason, it was necesgamkton the
associated electronics of the acoustic array able to generate and ampéfyuined
signals in both frequency ranges. This topic is being developed e gdoctoral

thesis (C. D. LLorens, In process).

In the initial stage of design process it was decided to follovsdinge philosophy
carried out by the IGIC-UPV group in the electronics for the diptransceivers
developed for positioning systems in underwater neutrino telescopdisl @ral.,
2012; Larosa et al.,, 2013; C. D. Llorens et al.,, 2012). These transcareers
integrated, and have been positively tested, in the IL13 of ANTARESI=a
KM3NeT ltaly detection tower (NEMO-Phase Il) in Capo Pass®imly. The main,
and novel, characteristic in the Electronic Emission Board (EEBpn is the use of
the Pulse Width Modulation (PWM) technique (Barr, 2001). PWMrisodulation
technigue that generates variable-width pulses to represent {iiguden of the
desired signal with the desired specifications.

Some of the advantages offered by this technique are:

» The system efficiency is improved respect to classicalisakitiue the use of
class D amplification, this means that the transistors wogkwitching mode,
suffering less power dissipation in terms of heat, and thereféeeingf a
superior performance.

» Simplicity of design. Analog - Digital converters are not needed.fdossible
to feed directly the amplifier with the digital signals modudalty the PWM
technique.

¢ ltis not necessary to install large heat sinks at ampliisistors, reducing the

weight and volume of the electronic system and, consequently, ofhible w
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calibrator. Analog systems, such as linear power supplies, tend t@aigeadot
of heat since they are basically variable resistors caygylot of current. Digital
systems do not generally generate as much heat. Almost all thgeineaated
by a switching device is during the transition (which is done quickly).

* In waiting mode, the power amplifier has a minimum power atstiee that

allows storing the energy for the next emission in the capacitgrfast and

efficiently.
N
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Fig 4.7. Conceptual block diagram of the EEB.

4.4.1.1 Basic block diagram

In Fig 4.7 the basic block diagram of the EEB is shown. The transducer is located at

the top of the diagram. The relay block (green) allows the transdaceection to
the low or to the high frequency amplifier, depending on the operation mhde. T

transducer is connected to the power amplifier through an impedanckingatc
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network with a transformer. Limited power availability to feed EEB has been
assumed, in a similar way than in neutrino telescope infrastasctSince 12 M
power is not enough to excite the transducer to cover long distamckegor
parametric emission, it has been necessary to implement agy esterage block
(red). In the lower part of the block diagram the signal generatochvehives the
power amplifier, is shown (blue). It has two inputs, one for the lowatbitr

communication port (RS232) and one for the trigger signal.

Capacitors are used to store the required transmission energgoltiien allows
fast charging, consequently, short time delays between successissions (in
calibration or positioning task the usual mode of operation is a high pavissien
of a few ms duration every few seconds). The solution also ddfdong life

expectancy.

The power amplifier solution adopted is a class D amplifier fdrimea full bridge.

One of the advantages to choose the full bridge power amplifteatig must be fed
with squared signals like a MLS (Maximum Length Sequence), whiahsignal

extensively used in electro-acoustic measurements. The maacthatic of this
signal are the flat spectrum and the non-correlation with any sigeail. For these
peculiarities it is widely used to obtain the impulse respons: adntire emitter-
receiver system and for time of flight measurements used iniqmisgy tasks.

Moreover, if the desired signals to emit are the standard sitaligor arbitrary) ones,
it is possible emitting a square signal in the desired band and, chesttarisducer
and the transformer are good band pass filters, all higher freqs¢hateare out of

the working band will be removed.

The best technique, to send arbitrary signals by generating sqigarald,ss using
PWM with a modulation frequency outside of the main band. To implenvéi P

should vary the width of the square signal in direct relation tortigitade of the
desired signal (0-100% Pulse width). The classic way to obtairethed square
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signal is comparing the desired signal with a triangular or sawsigril (Fig 4.8).
After the amplification, the desired signal is integratedef@t by the transformer
and the transducer) and the median value of the square signaliedbThis median

value is the desired signal.

T 17 m LI mT7T rrI17r nm m m T

Source Signa
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" " W

PWM Signa
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Fig 4.8. A simple method to generate the PWM pulse trainesponding to a given
signal is the intersective PWM: the signal (here tked sinewave) is
compared with a sawtooth waveform (blue). Wherldtter is less than the
former, the PWM signal (magenta) is in high staje Qtherwise it is in the
low state (0).

For the signal generator it was decided to use a Microchip “Motor Control” function
inside most of the DSPic microcontroller series. The “Motor Cdnfrmiction is
basically a digital counter that works with the main frequency of the microcontrolle
(40MHz). This device disposes of all necessary components to waink fuli
MOSFET bridges (symmetric outputs, dead time generators, etc.prahifreason

matches perfectly for the purposes.
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With the aim of test the feasibility of applying the PWM technitmesmit the
necessary signal for parametric bipolar pulse generation, a sonulaf the
electronic board has been done. Pulse width modulated theory, works with the
envelope of the desired signal used to feed the transducer. This ensalbpan in

Fig 4.9. After applying PWM modulation it is possible to obtain the sgsigrel

that parameterize the signal before feeding the amplifiedd(E@). Finally, the result

of the simulation shows the theoretical signal expected at théfiamoutput (Fig

4.11).
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Fig 4.9. Envelope of the signal to be used for emission
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Fig 4.10. Square signal after applying PWM modulation.
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Signal obtained

2400 2600 2800 3000 3200
Number of samples

Fig 4.11. Expected signal at the amplifier output.

Seen the required emitted signals for the calibrator (Section Z2@®2jhe result
obtained by the simulation of the electronic board design, PWM techsigues to
be a good candidate in order to be implemented in the electronic thaareill

control the array. Moreover is endorsed by the in situ experienctherf acoustic

devices.

The proposed design a priori seemed to be the most suitable for fuesgsiof
generating and amplifying the signals in both frequency ranges. Urdtatynin
practice, it was not trivial to amplify the high frequency sigmalgenerate the
parametric bipolar signal. Due to the very low impedance of #msducer in the
high frequency range, the high requirements of current, voltage and frggseme
electronic components did not support more than a few emissionanaties very
difficult building a robust and durable solution required for any deviceptiet¢nds
to be integrated into an infrastructure such as underwater neutleszojge
ANTARES. New designs are being developed and tested to drive rtne far
parametric generation (C. D. LLorens, In process). There are mainlinggauinder
study: the first one is based in the idea of applying a higher suglidge in the class
D amplifier and lower turns ratio in the transformer. The secondsdrased in the
possibility of, in addition to the higher supply voltage in the clasaniplifier,
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replacing the transformer with a single inductor to adapt the impeda a narrow
band of frequencies.

4.4.2 Register System

As advanced in the Section 4.3, in order to facilitate the pothetoeceivers and to
provide all related with the set of measurements info, a eegststem was
developed. This register system monitors, for each emissiontaeofiemission,

the emitted signal, location and orientation information of the arfdly this
information plays an important role during the post-processing tasks. Moreover, it is

possible to manage and program the emissions through the register system.

The register system is composed by a smartphone with android© wsghmdiich
is located in the array holding arm and a computer with wiretassection. Through
an easy free APP called SensorUdp (Takashi SASAKIO©)pbssible sending, by
User Datagram Protocol (UDP), the positioning data of the smartphtme po (as
long as both are connected to the same network).

Q eae 20 , il Posicionamiento — N T o5
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[POSICION GPS:
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[

Longitud:

accelerometer cvs line

Elevacion:

Distancia al Telescopio: 4686918.30850741

Posicion del Telescopio (usar . para los decimales)
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428 6.166667 ‘72475

® )Fastest Game Normal ul

0. 914, 1410868681953. 044.8968086. -016.0444984. -003.7208688
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)2
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text to transmit 10=qol -

Fig 4.12. Screenshots of the APP and the register system.
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An intuitive graphic interface has been designed to visualize, ahtime the
positioning data, and to manage the emissions of the array (Figghf)2 Moreover
the interface includes, in a graphical way, the compass, pitch adnidfoolThe red
marks help to orientate the array to the selected point (wheredbeers would be
located) knowing its GPS coordinates. On the bottom of the graphitaceehere
is the management of the EEB. The MODBUS commands are loaded fextfile

on the left, to generate the desired signals. The log of the emissions and the port and

status connection with the EEB are in the middle and right windows respectively.

A register report is generated automatically for each emissitin the time of

emission, the direction of the emission: PC-EEB (sending the MODBUS commands

to generate signals) or EEB-PC (with the location info), commandiseation info

about the array position (longitude, elevation, compass, pitch and rdt)e imext

table an example of a register report is shown.

TIME DIRECT COMMAND LAT LONG ELEVATION COMPASS PITCH ROLL
16:30:02.76 EEB->PC EMITTED 0.000000 0.000000 0.000 0.000000 0.000 0.000
16:57:07.24 PC->EEB sin 10000 0.6 2000 38.994.415 -0.158742 5.000 197.999.985 -7.000 0.000
16:57:09.75 EEB->PC Gen:s sin 100 0.6 2000 38.994.415 -0.158742 5.000 186.627.808 -2.000 -4.000
16:57:09.95 EEB->PC OK 38.994.415 -0.158742 5.000 185.515.366 -3.000 -4.000
17:02:21.91 PC->EEB sin 10000 0.6 2000 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:23.94 PC->EEB gol 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:24.46 EEB->PC Gen:s sin 10000 0.6 2000 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:24.66 EEB->PC OK 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:25.26 EEB->PC OK-ready 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:25.71 EEB->PC EMITTED 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:25.97 PC->EEB gol 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000
17:02:26.698 EEB->PC OK-ready 38.994.415 -0.158742 5.000 77.150.116 -3.000 -4.000

Table 4. 1.

Register report example
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4.5 Tests with the Array

After the array assembly some test were performed tcactesize it. Studies of
impedance, transmitting voltage response, radiation patterns, etcdover to know
the behaviour of the new configuration, also using the EEB. Moreoveheas t
transmitter is able to work in different frequency ranges, it teasted for low
frequency emission, evaluating the possibility of being used to@argeveral tasks
related to acoustics in underwater neutrino telescopes, in additiemission of
neutrino-like signals: calibration of sensor sensitivities angoreses, emission of

signals for positioning, etc.

4.5.1 Array characterization.

Transmitting voltage response (TVR) has been measured in both freqargey at
400 kHz it is about 164 dB (ref uPa/V at 1m). For the low frequency range the TRV
of one element has been compared with the response of the arraye{tments

connected in parallel). The results are presented in Fig 4.13.
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Fig 4.13. Transmitting voltage response of the array conukict@arallel and for the
central element for the low frequency range.
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4.5.2 Low frequency tests

Besides the studies of acoustic parametric generation, sombaestbeen made to
select signals to carry out all the acoustic tasks (Se@Be&cR) and also, a signal
detection method based on cross-correlation technique (Barr, 2001) éras be
evaluated in order to obtain, in an accurate way, the Time ofaAfffwA) and the
amplitude of the acoustic received signal (Adrian-Martinezl.et2815). This
detection method facilitates to have a good signal to noise ratio so allows improving
the accuracy in the ToA determination in noisy environments orsignal level
conditions. Typically, for positioning tasks pure sinusoidal signals adk Wsually,

a band-pass frequency filter is applied, and the detection tirdetésmined by
reaching a threshold level (Adrian-Martinez et al., 2012). Daiisgproperly requires
a very accurate calibration in order to determine the ineigialy of the hydrophone,
and even so, it can give bad results in case of high noistease reflections nearby
that can add to the waves constructively. In contrast, the apasdation of
broadband signals is less sensitive to these effects. Thialidetay, which affects
mainly to the start and end of the signal, is rendered less impbytaransidering
the whole duration of the signal. The effect of the reflectionseiticed by
distinguishing between different peaks of the cross-correlated sigadlrdt main
peak being the one to consider. In cross-correlation techniques thesigseatd with
wide band frequency signals or non-correlated signals such as siep swe
Maximum Length Sequence (MLS) signals, instead of pure sinusoipesimay
result in an improvement of the signal-to-noise ratio, and theredsrdting in an

increase in the detection efficiency, as well as in the acguf the time of detection.

The Correlation between two signalsandy with the sameN samples length is

described by the following expression:

Cort{x ¥ B =3k in [y I (4.1)
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It is worth to note that, in the autocorrelation of one signal wigifjthe correlation
peak amplitudeMmax.cor) IS equal to the half of samples of the signal in queshidn (
Therefore, it can be obtained the peak voltage of the sigp)aby Eq (4.2):

2Vmax orr
v, :Tp 4.2)
Furthermore, this ratio does not vary with the amplitude of tipeakiand is less
susceptible to the presence of noise. In real applications, it isvialtto tackle the
problem because is completely crucial windowing temporarily thectdsignal
avoiding reflections to obtain a reliable value of its amplitudechvis not always

possible.

Then, it would be important to obtain the corresponding relation betwles
maximum of the cross-correlation between received and emigedl sivith the
amplitude of the received signal avoiding reflections. This issaebban studied
(Adrian-Martinez et al., 2015) and has been found that knowing the amifttite
sent signalVp.eny, its number of samplesd,) and the maximum correlation value
(Vmax,com), corresponding to the detection of this signal, it is possible to otbtain

peak-amplitude voltage of the received signal applying the following expression:

Vv - Vmax‘corr i (43)

p,rec n
p.env env

Obtaining this amplitude information could be very usefulifiositu calibration of

receivers and monitoring emitters of an acoustic positioning system.

45.2.1 Laboratory tests

The low frequency tests were done in a progressive way, stamtiagcontrolled
environment using a pool and finalizing taking measurements in Gandigieu.
For the first test, a set of measurements were made in ®pP&A& m length, 3.6 m

width and 1.5 m depth. The compact array was used as emitter, EEBsa to
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generate and amplify the different emitted signals. The receyjpphone used to
record the acoustic waveforms was a FFR-SX30 (Sensortechi®a it PX1 5102

(8 bits, 20MS/s, National Instruments®©) as a digitizer system.

Fig 4.14. Experimental setup (left), emitter (middle) andeiger (right) transducers.

In this study the results obtained using pure tones and broadband signals (sweep and
MLS) to obtain the emitter-receiver distance have been compared.
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Fig 4.15. Pure tone emitted: 20 kHz, 0.3 ms duration sigie#i)( Received signal
(middle).Emitted-received signal correlation (right
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Fig 4.16. Sine sweep emitted: 10 kHz — 40 kHz, 2 ms durafleft). Received
signal (middle).Emitted-received signal correlat{aght).
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Fig 4.17. MLS emitted: 2.5 ms duration (left). Received sigfmiddle).Emitted-
received signal correlation (right).

The plots of Fig 4.18 show the results obtained by comparing the vo{tefjeand

the S/N ratios (right) both in cross-correlation method and time-domain method.
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Fig 4.18. Left: Comparison of the received amplitude in tidegnain and using the
cross-correlation method. Right: Comparison of3he ratio.

Looking at the waveforms can be concluded that sine of 40 kHz was clearlga@ffect
by a reflection. One of the reasons for the relatively laagiation in the 30 kHz and

40 kHz measurements might be the interference between the thiteerof the

array, which depends on the frequency. The use of broadband signals witbstie
correlation method may help to mitigate this problem since it avitrage the
response of the different frequencies. Excepting these cases, as bsfog the
Equation (4.3) very similar results to the usual techniques are obtained. On the other
hand, the S/N ratio increases considerably (at least 20 dBlefeet of signals used
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using correlation method, in this case the main correlation peak dastmpared
to the noise level of the correlated signal. This improvementi@at for a correct

detection of the signals, especially in noisy environments or weak signals.

In order to know the reach of the device in low frequency range, theadsignals
have been extrapolated up to 3 km using the propagation algorithtio(S&2.2)

Fig 4.19 shows the evolution of the amplitude during the propagation for tbrediff
studied signals. It shown that, excepting 40 kHz sine signal, all sepaitsri could

be detected up to 3 km distance of the AMADEUS receivers whighdraamplitude
threshold of about 20 mp#or this frequency range. The 40 kHz sine signal could be
detected up to 2.5 km.
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Fig 4.19. Evolution of the amplitude of the different recaivesignals during
propagation up to 3 km.

Signals could be masked by background noise. To study its effectpraneintal
background noise backgrounid, situ measured, has been added to the propagated
signals in order to know if these signals could be detected during &&epaign.

As receiver has been used the HTI-08 receptor located in the dkxwraf the 1IL13

in the AMADEUS system. The background noise added was registetdd |38
during its operation. Fig 4.20 shows the sensitivity of the HTI-08 and anpéxaf
background noise registered in the ANTARES site.
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Fig 4.20. Left: HTI-08 Receiving Voltage Response. Right: mExde of
background registered by the same receiver.

The propagated signals have been added to different noise regidéfsrent (up

to 100) positions inside the same noise file. The objective of thik was, on one
hand, to determine a possible deviation of the correlation methioel determination
of the time of arrival. The results show that this is a romethod. No deviations
were obtained in almost all cases. On the other hand, ituwdisdthe signal to noise
ratio of the received signals in order to compare it with taqiivalent using the

correlated signals.
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Fig 4.21. Signal to noise ratio of the received signalsnmetidomain (left) and signal
to noise ratio of the received signal after cotrefa(right).

Fig 4.21 shows the results for both cases, it can be seen thatesiogrelated signal

the signal to noise ratio increases up to 10 dB in 20 kHz, 30 kHziginals and
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sweep signal. This improvement achieved by the use of correlation techniques coul

be crucial for signal detection in noisy environments or low signal level conditions

4.5.2.2 Field tests

The more complex environment in which this study has been perfosmtt i
Gandias’s Harbour. In this case, the distance between emitteeeeiver was about
110 m and the S/N ratio was quite low. Fig 4.22 shows the location of the
experimental setup. As emitter the array with its elemetaected in parallel was
used and by the dedicated electronics for low frequency modefieeidhe receiver
hydrophone used to record the acoustic signals was a FFR-SX30 (ScmSprt
connected to a conditioning charge amplifier CCA 1000 (Teledyne RE$@ND

with a NI PX1 5102 (8 bits, 20MS/s, National Instruments©) ag#izier system. In
order to synchronize the emission with the reception a wirelggeitwas used. For

the Time of Arrival the delay introduced for the wirelesgger, which is of 8.23 ms,
was considered. Pure tones and broadband signals (sweep and MLS) were evaluated
using correlation technique.

Due to the activity of the harbour, the registered signals wexgytotasked by noise.

Fig 4.23 shows an example of a waveform registered when a tone biiz3inhk 4

ms duration was emitted. In Fig 4.23 (right) the result of the ctimelaetween the
emitted and the received signal is shown. It is remarkablerthevement in the

signal to noise ratio using the correlation method.
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Gandia’s Harbour Dock

Fig 4.22. Aerial view of the experimental setup disposition.
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Fig 4.23. Left: Registered signal when the array had emittguire tone of 30 kHz
and 4 ms duration. In grey is represented the texgid signal (masked by
noise), Band-pass filtered signal has been plattextange, also has been
magpnified for better visualization. Right: Resultloe correlation between
the emitted and the received signal.

The emitter-receiver distance was calculated trough thediraaival obtained for
each emitted signal using the correlation method. Moreover the gignailse ratio
for each kind of signals has been compared. In this case, pure tesestprhigh
signal to noise ratio because 10 kHz is the resonance frequeraghoélement of
the emitter and 30 kHz is the resonance frequency of the rec@&ke sound
propagation velocity considered was 1500 m/s. These results, obtagnesrjmoisy
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environment, corroborate the potential of the use of this correlatithoch® obtain
the time of arrival and the amplitude of the received sigressone very useful for
in situ sensor calibration purposes. Different MLS were used: BR.$10.2 ms
duration), MLS 32 (20.4 ms duration), MLS 42 (40.9 ms duration).
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Fig 4.24. Left: Emitter-Receiver distance obtained with ctatien method for each
emitted signal tested. Dot-dashed line indicatestiean value and dashed
lines indicates the deviation of the results oladiwith all emitted signals.
Error bars indicates the measurement uncertaingaoti particular signal.
Right: Signal to noise ratio of the correlated sigior each emitted signal
tested.

4.5.3 High frequency tests

A set of tests were performed with the array emitting higiukeacy for parametric
generation. Firstly, for signal amplification, was used a comadeRF amplifier
(1040L, 400W, +55 dB, Electronics & Innovation Ltd. ©) until the dedicated
electronics was available. Using this amplifier it was detictennecting the three
elements in series in order to have maximum power transfee shec serial
impedance (50.6Q) was near to 5@, the output impedance of the amplifier. On
the other hand, the serial connection, offered less synchronization bemessions
and less symmetry, but the power requirements for parametriagjenavas a more
critical factor when choosing. The best solution would be to feed in e
element by one amplifier, but, not having enough amplifiers, the afatemed

solution was decided in a first term. Numerous tests wererpgefl using this
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configuration, unfortunately parametric generation was not observetydioe array
emission, mainly for two remarkable reasons. One of them isdelétte the way of
feeding the transducers. In the best case (identical transdueets);ansducer is fed
with 1/3 of the total power which, been higher than when a single elevasrfied
(due the better impedance matching of the array), is not enough kotheaoon-
linear regime separately. Despite this, it was expected that the pacayeetration
takes place, as was observed in similar conditions in the wotlkghei preliminary
array (see Section 3.3). As in the previous results, it was expected,ibiethetion
of the three parametric beams, to have enough bipolar pulse amfditeldetected.
The test results presaged some kind of misalignment of the tramsddaring
assembly, as was lately confirmed in a specific test. Ralipatterns of the array,
and each element separately, were evaluated emitting at 40(@kiary beam in
parametric generation) for the 360° of the emission surfadeps sf 45° (See Fig
4.25). The best alignment would be one in which the three beams travel parallel. For
this prototype, the best radiation surfaces are located at 31be gopposal is to use

this orientation for the calibration tests with the new electronics.
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Pressure distribution Array: 315° Pressure distribution 315°
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Fig 4.25. Left: Normalized pressure amplitude measured atoparallel plane to the
array axis. Right: Extrapolation with the distaé¢he pressure maximum
evolution offered by each element of the array.

4.6 Current state and future steps

To describe the current state of the device it is necessary to describéuthefsize
array in two blocks. On the one hand the status of the array tsdukin low
frequency applications and, on the other hand, to be used, as a parsougte, in

the high frequency range.

The device (array + electronics) has been tested in positialy in different
scenarios, working in laboratory environments and in noisy real env@m@sras in
Gandia’s Harbour. It has been reported that, the device is abledgoate amplify

and reproduce different low frequency signals (pure tones between 10 kHd,60
sweep signals and MLS) working on a wide range of distances aedyidlifferent
environmental conditions. Acoustic detection through the technique of- cross
correlation between the emitted and received signals has als@\wdeated. This
technigue is more favourable for broadband signals (sweeps and MLS) because they
have a narrower correlation peak and consequently they are teadiscern than

others peaks. Furthermore, this technique is powerful in measurementiorendi

with a reduced S/N ratio, as in the case of marine environroeatdong distances
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where the recorded signal is weak, or in environments with high backgnoised
All of these signals and processing techniques are very useful intordarry out

the designed strategy for a Sea Campaign described in Section 4.2.

Regarding to the high frequency application some aspects must bertalertion.
The assembly of the transducers is a critical aspect.®ihe fow efficiency of the
parametric generation, at long distances, the interaction of thegtaiabeams is
crucial in order to reach enough amplitude levels. For bettenatien of the three
beams, all of them should travel parallel. This aspect forces the selgfd@most
favourable radiation surface or, in a future prototype, the elemesssembly in
order to have the same radiation behaviour along the entire cylindrical samfage
Taking into account the low impedance of this transducer at 400 kHz artd, this
the high requirements of intensity to reach the desired powds levbring on the
parametric effect, the proposed electronic solution to amplify high frequencyssignal
has been quite challenging and it is still being under development (Cokeris, In

process).
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Part II Introduction:
Dark Matter and
Secluded Dark Matter

In this section the evidences of the Dark Matter presence ibriherse and the
direct and indirect techniques for its detection will be regigwFurthermore, the
searches of dark matter with ANTARES will be summarized. fihalize, the

particularities of the models which describe the mechanismshfdael Dark Matter
and the effects on the Sun, as DM source, will be detailed.

5.1 Dark Matter

Since the 1930s in large astrophysical systems, with sizes rdngingyalactic to
cosmological scales, some “anomalies”, that can only be explaineer diy
assuming the existence of a large amount of unseen matter oubyraga deviation
from the known laws of gravitation and the theory of general relgtivave been
observed. After decades of slow accumulation of evidence, in the 28@0s980s
were laid the basis of the existence of a kind of Dark M@n#&f), which does not
interact with light (and ordinary matter), making it invisible, listexistence is
attributed for the gravitational effects. Since then, the main fgoahe scientific

community in this topic is the knowledge of what DM is made of. Mesbnomers,
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cosmologists and particle physicists are convinced that at 8524t of the
composition of the Universe is due to this non-luminous matter acdriitution

today remains one of the most relevant and fascinating enigmasdgrmphysics.

The relative abundances of the major components of the Univergkistrated in

Fig 5.1. Baryons, the commonly known matter, lightly sprinkle the Usiéyexs they
constitute only about 4.6% of the total mass-energy density. Dargyemakes up

the bulk of the Universe at the present epoch, abot2%. Dark matter comprises

~ 23% of the Universe. Dark matter holds baryons together to form galaxies, galaxy

groups, and galaxy clusters.

UNIVERSE COMPOSITION Standard
Matter

5%

Dark Matter
23%

Dark Energy
72%

Fig 5.1. Estimated composition of the Energy-Matter of thevdrse.
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5.1.1 Indirect Evidences
5.1.1.1 Galactic Rotation Curves

The most convincing and direct evidence for dark matter on galaefiesscomes
from the observations of the rotation curves of galaxies, i.e., tipd gfacircular
velocities of stars and gas as a function of their distancetfrergalactic centre. In
1933 Fritz Zwicky provided evidence that the mass of the luminousmgstars) in
the Coma cluster, which consists of about 1000 galaxies, was madlersiman its
total mass implied by the motion of cluster member galaxidso, An 1959 a study
on the radial velocity of the spiral galaxy M33 showed that théioataurve of the
galaxy does not agree with the mass density of visible matter (gol59). It was
not until 1970’s when the existence of dark matter began to be conlsgigieusly
and its presence in spiral galaxies was the most plausible exptarat the
anomalous rotation curves of these galaxies. The rotation of stAmsdiomeda
galaxy were measured using more precise spectroscopy methods andrstidine t
rotation speed of the stars in spiral galaxies is roughly cortstgond the galactic
bulge at the centre instead of decreasing at large radius ¢sB&}{Rubin V.C. &
Ford Jr., 1970). A complete study using twenty one spiral galaxidgsneed that the
best way to explain the rotation curve of the stars was by neéassuming that the
majority of the mass of the galaxy had to be in a form of asilsiei matter in the
galactic halo (Rubin, Thonnard, & Ford, 1980). Fig 5.2 shows the rotationfourve
a nearby dwarf spiral galaxy M33, superimposed on the optical imaperédfwere
no galactic matter outside the visible disk, the rotation vgiatitve would have

decreased ag+/r . Instead it continues to rise towards a constant value, way beyond

the visible disk, suggesting that there is a lot of invisible mattand around the
galaxy. Similar rotation curves have been observed for about a thoudaxiégga
including our own. And they suggest the mass of the invisible matteradeeb®ne

order of magnitude larger than the mass of visible matter.
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Fig 5.2. Observed rotation curve of the nearby dwarf spigalaxy M33,
superimposed on its optical image (from (Roy, 2D00)

5.1.1.2 Galaxy Clusters

Galaxy clusters are a large number of galaxies (up to 1000) cortinddeir

gravitational effect. Typically they have a massiofm _ ~ 10°m_ ! and stretching

from 2Mpc? to 10Mpc. More proofs on the existence of DM have been provided by
the study of these galaxy clusters. Chandra X-ray Observdtaly ef the Abell
2029 cluster (Vikhlinin et al., 2006) showed that abaotm_cluster mass is

contained in a form of invisible matter exerting gravitational forces on the galaxi

5.1.1.3 Gravitational Lensing

Gravitational lensing is the phenomena in which the light fronmadistant source

is bent around a massive object (such as a black hole or a galaxggbée¢he source

1 M, is the solar mass, about 1.9%%g
20One parsec (pc) is about 314 or 3.2 light-years
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and the observer (Fig 5.3). This effect was first predicted in $980d its first
observation, in 1979, occurred by studying the twin quasars SBS 0957+5&BA &
0957+561 B (Walsh, Carswell, & Weymann, 1979). In 1998 took place the first
evidence from gravitational lensing hinting at invisible mass ftieenstudy of the
galaxy cluster Abell 1689 (Taylor, Dye, Broadhurst, Benitez, & vam&n, 1998).
The development of new detection techniques in gravitational lensirigegiRe,
2003) contributed to obtain stronger evidences of the DM presence. lndlyeo$t

two merging galactic clusters while the baryonic matter still separate$ishown,
independently of any assumption on the laws of gravity, that the ajfamdl
potential of the cluster traced the overall shape of the mergistect and not that

of the baryonic component (D. Clowe et al.,, 2006; D. Clowe, Gonzalez, &
Markevitch, 2004). This proved that the mass peak was not locatetheibaryonic
mass but with a dark halo combining the two clusters. Additionally, é&8%&% of

the mass is invisible and the remaining 12.5% is baryonic. Thesdusliessserved

to reinforce the existence of a particle component of dark matsurssthe opposite
theories which advocated to a deviation from the known laws of gtiavitand the

theory of general relativity as a solution to the missing mass (Milgrom, 1983).
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. DISTANT

Fig 5.3. Gravitational Lensing phenomena diagram. Light earirom a faraway galaxy
is deflected due the dark matter located in itgerpath. Dark matter gravity acts
as a lens and at the observer point (Earth) isegpgied various images of the
same galaxy. (Figure adapted from ©Infn-Asimmetrie)

5.1.1.4 Velocity Dispersions of Galaxies and Mass to Light Ratio

The velocity dispersion is the statistical deviation (aboutrtban) of the velocities

of objects bounded gravitationally, such as stars in a galaxy or galaxies in a galaxies
cluster. It is defined as mass to light ratio the ratio betwleemass of a specific
volume and its luminosity. This is a well-known observable chaistitefor objects

such as stars and other astrophysical objects. For the meaatg®frentire galaxies,

it is expected that the ratio should be approximately the averagdivitiual ratios

of the diverse luminous objects located inside. However, experinmassurements

of these parameters in spiral and elliptical galaxies (Faldac&son, 1976) evidence

a large missing mass component (Faber & Jackson, 1976; FabersteDrgsl977).
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These studies showed that visible mass distribution found in galastgrd is not
enough to determine the velocity dispersion revealing that a darkshabunding
the clusters would have to contain the equivalent of more thatirfies the visible
mass. Moreover, the measurement of the mass to light ratio sHoatele value is
much larger than the average of the individual components, indicatinglagjetimere

is, at least, three times more invisible matter than visible.

5.1.1.5 Cosmic Microwave Background

The cosmic microwave background (CMB) is the thermal radiaticimeess to be

left over from the "Big Bang" of cosmology. The CMB is a costmckground
radiation that is fundamental to observational cosmology becaagshetoldest light

in the Universe, dating to the epoch of recombination (Fig 5.4). It veakcped by
George Gamow Ralph Alpher y Robert Hermann in 1948 and accigentall
discovered by Arno Penzias and Robert Wilson in 1965 when they observed a
background temperature excess of 3.5° K in its radiograph built to sadimamy

and satellite communications experimentation. Penzias and Wilsonaweareed

with the Physics Nobel Prize in 1978 when they determined that tleanant
temperature was induced by the cosmic microwave background. Sinceetema) s
experiments were built to measure the CMB radiation such &EGQperiment
(National Aeronautics and Space Administration, 2008), WMAP (Wright.Eal e
2003), and PLANCK (European Space Agency, 2014). The CMB cannot be
considered as an evidence of the existence of DM but its imporsashee to the fact

that it validates tha\CDM model (Lambda-Cold Dark Matter). T&CDM model

is a parameterization of the Big Bang cosmological model in wihiehUniverse
contains a cosmological constant, denoted by Lambdaassociated with dark
energy, and cold dark matter (CDM), a form of matter introduced in tr@dacount

for gravitational effects observed in very large-scale sirast(rotation curves of
galaxies; the gravitational lensing of light by galaxy clustersgahdnced clustering

of galaxies). It is frequently referred to as the standard nob&a) Bang cosmology,
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since it is the simplest model that provides a reasonably good etiptané the
following properties of the cosmos:
» the existence and structure of the cosmic microwave background (CMB)
» the large-scale structure in the distribution of galaxies
» the abundances of hydrogen (including deuterium), helium, and lithium
» the accelerating expansion of the Universe observed in the lightifsbamt

galaxies and supernovas

INFLATION COSMIC BACKGROUND RADIATION ACCELERATED EXPASION OF
DARK UNIVERSE THE DARK ENERGY 0
FIRST STARS

dark matter

BIG BANG

ordinary matter

TODAY
. e S —— .

380.000 years 420.000 years 9 milion years 13,7 milion years
after Big Bang after Big Bang after Big Bang after Big Bang

Fig 5.4. Schematic view of Universe evolution following t&andard Model in
cosmology. On the bottom the temporal scale ofetents since the Big
Bang until now is shown. On the top flap the estedaDM distribution is
represented. (Figure adapted from ©Infn-Asimmetrie)

The model assumes that general relativity is the correctythafogravity on
cosmological scales. The period when emerged this model (in th&dlfs) was
marked by appearing of disparate properties of the Universe andalmut
inconsistent, and there was no consensus on the composition of the enetgyoflensi

the Universe. Model descriptions and also the fact that the moglbklea validated
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by other measurement such as the Baryon acoustic oscillationséPet al., 2007),
distance measurements by type la Supernovae (Kowalski et al., 20@8}he
Lymann-alpha forest measurements (Viel, Bolton, & Haehnelt, 2009Yipaes the
balance in favour of the existence of a particle component of datkrmaatsus the
opposite theories which advocated to a deviation from the known laya\atation.

5.1.2 WIMP as the Dark Matter Candidate

Even though there are tens of DM candidates proposed in the bibliography
(Bergstrom, 2000; Bertone, Hooper, & Silk, 2005), the most widely studied tamd of
most likely DM candidates are WIMPs (Weakly Interacting Meas$articles).
Following the idea that DM particles would be thermal relicamf the Early
Universe, they can remain from the earliest moments of theetési in sufficient
number to account for a significant fraction of relic dark madkemsity. In the
simplest WIMP models, during the early Universe dark matteticfes were in
thermal and chemical equilibrium with the Standard Model partithey, were as
abundant as photons in the beginning, being freely created and destructed in pai
when the temperature of the hot plasma was larger than their iH@agsver, after

the temperature dropped below the mass of the WIMP, its dersithyrdecreases

as the Universe expands, until it becomes so low that WIMPs csglfrainnihilate
anymore and they freeze-out from equilibrium, having the same dsirsigy then.
Under some simplifying assumptions and following these arguments, ltbe re
abundance of WIMPs in the Universe (that is, the number densityMP¥%/in the

local Universe in units of the critical density) can be singgijnputed in terms of the

self-annihilation cross-section:

700%cmst (5.1)

Qe = <(T V>
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whereo ,,, is the cross section for annihilation of a WIMPs pair into Stahiledel
particles,v is the relative velocity between two WIMPS,) denotes thermal

averaging and the value in the numerator is obtained using the valle of t
temperature of the cosmic background radiation, the Newton’s consta(Begtone
et al., 2005). The self-annihilation cross-section required in ordacti@ve the

appropriate relic density i, =300%*cm®s?, this is a value remarkably close to the

cross-section typical of weak interactions in the Standard Mbéete the name of
WIMPs. This is the hint that physics at the weak scale couldideay reliable
solution to the dark matter problem. Moreover, since WIMPs interitctordinary
matter with roughly weak strength, their presence in galactiesaahd in particular
in our galaxy, raises the hope of detecting relic WIMPs dirdntlg detector by

observing their scattering on target nuclei through nuclear recaoils.

5.2 Dark Matter Detection Methods

If WIMPs compose most of the DM not only will be present akdpaxind density
in the Universe but also will be gravitationally accumulated irgtidactic halos. Of
course they will be present in the Milky Way, so it may be ptessither detecting
them directly in experiments located in the Earth or indirelcibking for their

annihilation products in astrophysical sources.

5.2.1 Direct Detection

Direct DM detection is based on the energy detection of nuclei recoilk birizM
particles travelling through a detector, either through the measureién light
(scintillation), the charge (ionization), through the phonons produced iaripet
material by the scattering event or in nucleation of superheqtedd. Fig 5.5 shows
a summary of the different direct detection experiments dieddify their detection
mechanism. These different techniques exploited in direct experiarergerformed
using diverse target materials: Ge, Si, Nal, Xenait],(CsFs. The physics in dark
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matter nucleus interaction involves elastic scattering on nucl€bns elastic

scattering of a WIMP off of a nucleus in a detector is simipdyinteraction of the

WIMP with a nucleus as a whole, causing it to recoil, idealgroénough to measure

the recoil energy spectrum in the target. WIMP scatteringnadfei is commonly

discussed in the context of two classes of couplings, the diffexpatiments of

direct detection can be classified in base of these couplings:

e Scalar or spin-independent (Sl): The Sl experiments are desigdetett
the coherent recoil of the nucleus caused by the DM scattering. Heavy
nuclear target, the coherent scattering increases the crtissrdeg the
square of the Atomic Number. Experiments using heavy nuclei as target
material, as lodine, Germanium or Xenon like DAMA (Bernabei gt al
2013), Edelweiss (EDELWEISS Collaboration, 2011), SuperCDMS (Sander
et al., 2013) and XENON (Aprile et al., 2012), LUX (Akerib et 2013)
among others, are more sensitive to scalar interactions andirtiitsrare
mainly constrained by the spin-independent WIMP-nucleon cross-section.
e Axial or spin-dependent scattering (SD): The SD cross-sectionr®c

through the axial vector coupling to the spin content of the nucleus;ishere
a J(J + 1) enhancement from the nuclear spin J. Until recentlgtozoss
section limits had been about 6 orders of magnitude weaker than for Sl.
Experiments which use target materials of light nuclei are sensitive to
spin-dependent WIMP-nucleon cross-section such as COUPP (Behhke et a
2012), SIMPLE (Felizardo et al., 2014) or PICO (Amole et al., 2015; Bou-
Cabo, RICAP).
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CUORE, COUPP,
PICASSO, SIMPLE, PICO

==

CDMS CRESST

EDELWEISS ROSEBUD
CoGeNT (8 > DAMA/LIBRA
CDEX XMASS
TEXONO CLEAN
Malbek DEAP
DAMIC ANAIS
DRIFT KIMS
DMTPC - PICO-LON
MIMAC XENON, Panda-X DM-ICE
NEWAGE LUX, ArDM, Darkside Sabre

Fig 5.5. Summary of the direct detection experiments clessiby their detection
mechanism.

It is crucial for these experiments having a good background discriomrehce
cosmic rays with energies about keV to MeV range bombard thba'€arrface
producing in most cases nuclear recoils similar to those expeotad¥IMPs at a

rate of about 10events kg per dayt. This is the reason to carry the experiments out

in the deep underground in order to minimize the background by orders of magnitude
compared with the sea level intensity. Moreover, it must beregtyedemanding

with the protection against the natural radioactivity from theosdings and the

material of the detector itself.

5.2.2 Indirect Detection

Indirect detection is based in the fact that the DM passing througsivaeabjects
like the Galactic Centre, the Sun or the Earth may decresaseldcity under the
scape velocity, due to the elastic scattering with the nucleéhefobject, and
consequently keeping trapped. DM Indirect detection experiments ainetd thet
annihilation products of DM particles as products of Standard Modétlpa:

charged particles (electrons and positrons, protons and antiprotons, deatedium
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antideuterium), photons (gamma rays, Xrays, synchrotron radiations) andaoseut
As these particles are present for different processes, nobdhlannihilation, the
indirect searches focus on looking for channels and energy rangestigpossible
distinguish from the background due to ordinary astrophysical processebig-or
reason, searches for charged particles focus on fluxes of dokgza(positrons,
antiprotons and antideuterons) which are much less abundant in therdénihan
the corresponding particles. Also, for photons and neutrinos it istodoak at areas
where the DM-signal to background ratio can be maximized. For a cemgletw
on indirect DM searches see (Cirelli, 2012). The flux of such faedia proportional
to the annihilation rate, which in turn depends on the square of the ddide m

density.

The study of electron and positron fluxes in different experimémts(l (Accardo
et al., 2014; M. Aguilar et al., 2014), PAMELA (Adriani et al., 2010), Fe#hido
et al., 2009), ATIC-2 (Chang et al., 2008), PPB-BETS (Torii et28l08), HESS
(Aharonian et al., 2008)) have offered various results which could tedigasing in
the positron-electron ratio at the TeV and sub-TeV scales@signal excess are
striking because they imply the existence of a source of ‘pringargande’) other
than the ordinary astrophysical ones. This unknown new source cavevitsilf of
astrophysical nature (Serpico, 2012) but also it could be understoaibagatre of
DM.

Gamma rays fluxes have been studied by other experiments suetmagTempel,
Hektor, & Raidal, 2012; Weniger, 2012) HESS (Aharonian et al., 2008), MAGIC
(Elsaesser & Mannheim, 2005), and VERITAS (Vivier, 2011), emphasisinte
Galactic Centre, dwarf galaxies and galaxy clusters that haighamass to light
ratio. Findings with Fermi are indicating a possible dark mattgrati(4.5¢ of
significance level) for a WIMP with a mass of 130 GeV (Beigs, Edsd, &
Zaharijas, 2009). Nowadays, the origin of this excess has not beemehfin
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addition to a possible DM signal, there are several interpyatadif the Fermi results
based either on a single large scale Galactic cosmic-eayrats-plus-positrons
component or by invoking additional electron-positron primary sources, ergynea
pulsars (Grasso et al., 2009).

Finally, in addition to #e and gamma rays, neutrinos are an indirect messenger of
DM presence. Neutrinos are produced in DM annihilations together itle @ther
particles. Neutrinos have the advantage of proceeding straight aewtiabs
unabsorbed through the Galaxy. As detailed in Chapter 1 they can doogspath

with dense matter with little interaction. ANTARES (Ageromlet2011), ICECUBE
(IceCube Collaboration, 2014), and Super-Kamiokande (SuperKamiokande
Collaboration, 2013) search for dark matter through neutrinos coming from the Sun,
Earth, Galactic-Centre (GC), Galactic-Halo(GH), and dwarfaxges. The
experiments, in order to minimize the background of cosmic muons cominghieom
atmosphere above the detector, must selectupggingtracks, i.e., neutrinos which
have crossed the Earth and interact near of the instrumented evollimse
experiments look for neutrinos with different origins. From the GGher GH,
neutrino telescopes located at the South Pole have difficultissdbthe GC, which

is essentially above horizon for them. The DeepCore extension ECUBE,
however, avoids this limitation by using the outer portion of the expetims an
active veto. From galaxy clusters, in this case the setisisiare not competitive
with gamma rays (unless one considers very large DM masses).tke centre of

the Sun (or even the Earth) as DM particles may become gravitationallyezhpy

a massive body, lose energy via repeated scatterings withudlei and thus
accumulate at its centre. The annihilations occurring there gigan dd fluxes of

high energy neutrinos. The detection of these high-energy neutrinos frdduithe
would constitute a definitive evidence for DM, as there are no knewophysical

processes able to mimic it.
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Due to lack of signal evidence, constraints have been imposed feedhehes in
each object. From the GC constraints in DM annihilation crossosedh
SuperKamiokande (Desai et al., 2004; Desai et al.,, 2008) have been dmpose
ICECUBE have imposed constrains in DM annihilation cross seation the GH
(R. Abbasi et al., 2011a), from the GC (R. Abbasi et al., 2012)imat/ffrom dwarf
galaxies and clusters of galaxies (Aartsen, Abbasi, Abdou, AckermanmsAda
Aguilar, Ahlers. M., Altmann, Auffenberg, & Bai, 2013b). Also ANTARES hpaut
constraints for the GC (ANTARES Collaboration, In preparation). tRer Sun
different experiments have imposed constraints on the scatterisgea®n of DM
particles with nuclei, in SuperKamiokande (Tanaka et al., 2011), ICEGIdBEube
Collaboration, 2012) and ANTARES (Adrian-Martinez et al., 2013). Theineut
flux due to WIMP annihilation in the Sun is highly dependent on the capiigr®f
WIMPs in the centre of the Sun which, in turn, is dominated by th&/SIP-proton
cross section. This is the reason why these indirect searchesbhter limits
compared to direct search experiments (COUPP, SIMPLE). Comdraéing case of
S| WIMP-nucleon cross section where, thanks to their targetiadatdirect search
experiments have better limits (XENON100, LUX).

5.3 Dark Matter Searches with ANTARES Neutrino Telescope

Together with the observation of astrophysical sources, the indirect detection of DM
is one of the main goals of the ANTARES neutrino telescope. Therdia
potentially interesting DM sources to be explored with ANTARE®: $un, the
Galactic Centre, the Earth, dwarf galaxies and galaxy clufach one presents
advantages and disadvantages. Assuming that DM is made of WIMPs, like
neutralinos, they can scatter in astrophysical objects like uheo6the Earth and
became gravitationally trapped. In this way their self-annibitatvould produce

directly or commonly indirectly high energy neutrinos. DM which formt p&the
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Galactic Halo could also annihilate and produce signal, in partiooaing from the

Galactic Centre direction, where is more abundant.

5.3.1 The Galactic Centre

A promising DM source for neutrino telescopes is the Galactic Centre ppheeat
drawback due the large distance between the Earth and the G&eishgfthe large
mass involved. The main advantage of this source, contrary tohapaens, for
example, in the Sun, is that there is no absorption of neutrinos, whadkvant for

high energy/mass and improves the effective area and angular resolution.
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Fig 5.6. Preliminary limits on{ov) for the Galactic Centre for the- t * channel (red
solid line) with lceCube40 for the GC (brown sdliide), lceCube59 for dwarf
galaxies (dashed black line), lceCube79 for thea@ml Halo (magenta solid
line), IceCube59 for the VIRGO cluster (black sdiitk), DeepCore+lceCube?79
for the GC (blue solid line) and Fermi for dwarlayaes (green solid line). The
grey/green area represent leptophilic dark mattetats which would explain the
PAMELA (grey) and AMSIl+Fermi+PAMELA+HESS (greenkaeess in the
Galactic CentreThe grey band indicates the natural scale for whitthe dark
matter particles are considered as WIMPs only. Asthgrom ((ANTARES
Collaboration, In process)).

During the 2007-2012 analysed data period no significant excess waseabserv

limits were set in mean cross-section velocity product for dark mattér(See Fig
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5.6) for Navarro—Frenk—White (NF\Ahialo profile and the t* channel (ANTARES
Collaboration, In preparation). These limits exclude leptophilic Drpretation of

the Fermi-PAMELA-HESS excess. It is remarkable that abe¥e5eV the best
limits from neutrino telescopes are provided by ANTARES due tdatttethat the
visibility of the GC and the angular resolution is better in ANRES than in Ice
Cube.

5.3.2 The Earth

DM would accumulate within the Earth after scattering. Tlategng is produced
mainly on the heavy elements at the Earth core. For this reasdimitere set on
the spin-independent cross section of WIMP scattering. Limitg @¥) are
particularly interesting for WIMP masses close to the maskssattering nuclei
(iron and nickel).
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Fig 5.7.  Preliminary Spin-independent cross section selitsit(®0% CL) for the
Earth analysis, assumin@v) ~ 30”cm’s" for three different channels:

TT* (dash, blue), VW~ (dot, green) ancbb (dash-dot, magenta). This
sensitivity is also compared with the results ofNBN-100 (solid, red).
Plot from (Zornoza, 2014).

3 The Navarro—Frenk-White profile or NFW profile isspatial mass distribution of dark matter
fitted to dark matter haloes identified in N-bodsnslations by Julio Navarro, Carlos Frenk and
Simon White (Navarro, Frenk, & White, 1996). The\WFrofile is one of the most commonly
used model profiles for dark matter halos
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5.3.3 The Sun

DM searches in the Sun are very interesting since a potential signal wotge loé f
astrophysical background and this is a big advantage over other irstiegches.

The neutrinos produced through nuclear reactions in the Sun are of much lower
energies. The background produced for cosmic rays interaction on the Sun corona is
very low and the atmospheric one can be estimated from scramitdedittahigh
accuracy. In this section two kind of DM searches coming fromSine with
ANTARES are described. On the one hatite standard DM searcim which
WIMPs trapped in the Sun core self-annihilate into Standard Modetlpartrhese
particles could decay give rise to the production of energetic neutsinick can
escape from the Sun and be detected by ANTARES. The main disapvahthis
search is the absorption suffered by neutrinos over 100 GeV becausarthieteract

with Sun nuclei and be absorbed before escaping the Sun. On the othéhéhand
search of Secluded Dark Mattevhich is one of the objects of this thesis.

5.3.3.1 Standard Dark Matter search

As related in previous sections, possibilities of DM detectioe haen motivated by

its gravitational capture, in massive objects like the Sun, and s@mdegunihilation.

If as expected DM self-annihilates, the capture is balancdtetannihilation of DM
particles. The intensity of the annihilation signal would be a probdefDiM
scattering cross-section on nuclei. Neutrinos could be produced inrtinéations,

also SM particles which interact strongly with the interiorhaf Sun being largely
absorbed but, during this process, producing high-energy neutrinos which could
scape and can be potentially seen by neutrino detectors as ANTARES.

Latest results on search for DM in the Sun were obtained h#temalysis of 2007-
2012 data (Zornoza, 2014). In this analysis no excess over the expectedimaakgr
was observed and limits on the neutrino flux limit and on the WIMPeouctross

section were set. Fig 5.8 shows the preliminary limits fan-gppendent and spin-
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independent WIMP-proton scattering cross-section. Neutrino telescogesthodf
best limits for spin-dependent cross-section compared to direachesasince the
Sun is made basically of protons. (Previous (2007-2008) official sesufAdrian-
Martinez et al., 2013)).

gk 1 .10 1
3 10* 10 10° 10’ 10
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Fig 5.8. Preliminary Spin-dependent (left) and Spin-indememnd(right) cross-section
limits for the search on the Sun: ANTARES 2007-2@Qthzck solid) lines):t t*

(red), WW- (blue), bb (green), IceCube-79 (dashed lines), SuperKamiokand
(colored dash-dotted lines), SIMPLE (black shogtddotted line), COUPP (black
long dash-dotted line) and XENON-100 (black longhid line). The results are
compared with a scan in MSSM-7. (Figure from (Zaad2014).

5.3.3.2 Search for Secluded Dark Matter in the Sun

Another possibility is based on the idea that DM annihilatss ifito metastable
mediators ¢), some new gauge bosons, which subsequently decay into SM states,
(Arkani-Hamed, Finkbeiner, Slatyer, & Weiner, 2009; Chen, Cline, & F2699;
Pospelov, Ritz, & Voloshin, 2008; Pospelov & Ritz, 2009; Rothstein, Schwetz, &
Zupan, 2009). In all of these models, the thermal relic WIMP DM sitelig
considered as usual, while there is also the possibility to exgpdane astrophysical
observations such as the rising in the positron-electron ratio oddeyveAMELA
(Adriani et al., 2010), Fermi (Abdo et al., 2009) and recently measmitdé high
precision in AMS-II (Alpha Magnetic Spectrometer) (Accardoakf 2014; M.
Aguilar et al., 2014). These models try to describe the Secluded Dark Mattej (SDM

scenario in which the presence of mediators, also called nkurgalived particles
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(LOLIPs) in some references, as a communication way betweemari2V6M, can
dramatically change the annihilation signature of DM captured inuheTis idea

is based in the fact that if the mediators are long-lived enougkdape the Sun
before decaying, they could produce detectable charged-particleagr fluxes
(Batell, Pospelov, Ritz, & Shang, 2010; Schuster, Toro, Weiner, & Y20i0)) and
also neutrinos that could reach the Earth and be detected. Inaintdrey secluded
dark matter modelg, can decay into leptons near the Earth. Some differences appear
in the leptons created by the neutrino interaction and the leptaisgafiom ¢
decays. In the latter case, for kinematics, as the DM massaser than thé mass
the leptons may be boosted and parallel. If these leptons are muasigntitare in
the vicinity of the detector would be two muon tracks almost parate di-muon
signature could be interpreted as a single muon and it could be distachior at
least the cut selection could be optimized for these casas)tfre atmospheric
neutrino signal by its energy deposition topology. Even being short-lived and
decaying inside the Sun energetic neutrinos would remain the only sigdsarin
these situations the neutrino signal could be enhanced compared tanitharct
scenario where high energy neutrinos can interact with nuclei anddrbedbbefore
escaping the Sun. The fact that the solar density decreasesrtiadyneith radius
facilitates that the neutrinos injected ¢t larger radii could propagate out of the
Sun because they are subjected to much less absorption. As willdileddet
following sections, the experimental results in the search for 8Bpénd on the
decay length and the production rate. There are several modelartstcommodate
the lifetimes required for the mediators to enhance the figglakiin neutrino
telescopes, which have been summarized in reference (MeadeydVwuSspucci, &
Volansky, 2010). In this work some examples that contain LOLIPs whichaan
decay lengths in the 1 km to ®®km range, providing the relevant formulae, are
detailed.

In the following subsections the processes involved in the possibflitgDM

detection will be described starting with the mediator productica fraim DM
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capture and annihilation in the Sun. To finalize the different sicenaf SDM, in
terms of the mediator decay products which have been evaluatedMRARES
(Chapters 6 and 7) will be introduced.

5.3.3.2.1 DM annihilation in the Sun.

In the Sun, during the gravitational capture, DM patrticles sufferipteibcatterings
and become trapped within a small region of si0R,,/10@eV /m around the

Sun’s centre, wher® is the solar radius. As the finite size of this region has a

negligible effect on the neutrino spectra (Cirelli et al., 2005; AulGd987; Press
& Spergel, 1985), DM annihilation can be assumed to take place @etie of the
Sun. The capture raie, , depends on whether the DM interacts elastically with the

nucleus (A. Gould, 1987; Jungman, Kamionkowski, & Griest, 1996) or, whether
there are more complicated interactions, in inelastic scagtdNenon, Morris,
Pierce, & Weiner, 2010; Nussinov, Wang, & Yavin, 2009). In this work tmdy
elastic scattering for the capture rate has been considessuased in many direct
detection searches. The capture rate can be calculated Heoscattering cross

section, both spin-independemt,, and spin-dependemt,, of the process dark

matter-nucleon. Both types of processes are constrained by directtiate

experiments, but the latter much less so. It is worth to mentiothiaiapture rate
relies on assumptions on the density and velocity distributions of ceirérmarticles
in the Solar System, as well as on the composition and densiiputisn of the

interior of the Sun. In this work the capture rate proposed by (|bBotaauer, &

Wild, 2014) has been followed, approximately given by:

M 10%%cn?? (5.2)

X

2
c ~10205_1(1Tevj 2704+ 427100
=
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In equilibrium, the DM annihilation rate is exactly half of iggture, generally given
by ((Jungman et al., 1996)):

[ :%Cotanr?(t/req) (5.3)

wherer_ is the equilibrium time and=10"s is the dynamical time of the system.

DM can typically scatter in the Sun on a much shorter timeghah it annihilates,
in elastic scattering case. Hence, it thermalizes withesieof the matter in the Sun

and concentrates in the inner core as it approaches its equilibrium configuration.

5.3.3.2.2 Mediator decay products and bounds from neutrino detection.

As long as the mediator lifetime is long enough such that theyscape the Sun it

will produce decay products between the Sun and the Earth. Depending on the
mediator decay products different experiments may be able tot db&n. For
instance, mediator could decay into charged particles which wiliteaghotons on

their way from the Sun to the Earth that could be detected byngaay experiments

as Fermi (Abdo et al., 2009) or Milagro (Atkins et al., 2004). The decalypts able

to be detected by neutrino telescopes have been the studied in thislfvibek.
mediator decays into di-muons anywhere between the Sun’s suniddheaearth,
these muons can be observed in neutrino telescopes (ANTARESpEeand also

in underground neutrino detectors (Superkamiokande, BAKSAN). When the
mediator decay product is a di-muon, the mediator lifetime, or @aydength, is
crucial to know what is expecting in the detector. If the decay length of the mediator
is long enough to reach the Earth before decaying, i.e., the mediator detags
vicinity of the detector<{ km) (See Fig 5.9) this muon pair may be observed directly

through their Cherenkov radiation as nearby tracks.
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g
ple<

Fig 5.9. Secluded scenario diagram where the mediator détalye vicinity of the
Earth as two co-linear muons which could be detedig neutrino
telescopes.

In practice, these muons will not be separated enough to be idensfiddoa
individual muons, about few meters at most for the energy range eaplshich

translates into about 10 ns relative time delay for the entittetenkov light. This
time is comparable to the readout of the PMTs. These di-muons wordddgmized
as a single muon but the Cherenkov light yield along the track of aafi-ia higher
(factor 2) than a single sub-TeV muon (Fig 5.10). Initially a di-mexent (Fig 5.10

black) could be recognised as an energetic single muon (Fig 5.10 blue) looking at its

light emitted on top of the Cherenkov emission, but with the monitoririgeadriergy
deposition along the track, which is mostly energy independent for di-mticosld
be possible to discriminate between single muons and di-muons.
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Fig 5.10. Energy deposited for stopping a di-muon event g)lacsingle muon (red)
and a more energetic single muon (blue).

143



Part II: First Search for Secluded Dark Matter with ANTARES

144

In this work a good discrimination between di-muons and single muon is not the
priority, but to obtain the best efficiency to detect di-muons fresiusled dark

matter in the Sun.

On the other hand, if the mediator decays into di-muons far frometieetor then
the muons would yield high-energy neutrinos and anti-neutrinos, typically
e (e),v (@), which can be detected, like in standard neutrino detection, as they

convert back into a muon in the rock or water (ice) near the detector (Fig 5.11).

‘ 0 1( 0 ‘ M R (v,v) el 4o
- + e RQG- 7,
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Fig 5.11. Secluded scenario diagram where the mediator déaafrem the detector
as two co-linear muons which, in turn, decay indoitninos and could be
detected by neutrino telescopes.

While a great deal of the parameter space for neutral LOkIBsexplored, some
constraints already exist. The strongest bounds on the flux of upwaglrgaons

come from Super-Kamiokande (Desai et al., 2004). Fig 5.12 shows the bound on
annihilation rate of DM into mediators that subsequently decay into muons which in
turn yield high-energy neutrinos and the expected improvement iniggnsiith
ANTARES and Ice-Cube.
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Fig 5.12. The purple curves show the current bounds from Bgweiokande on the
annihilation rate of DM in the Sun into mediatorssaming 100%
branching ratio and decaying into di-muons. The (@dnge) curves are
the expected bounds from ANTARES (Ice-Cube). (Ridapted from
(Schuster et al., 2010)).

Another possible scenario is composed by short-lived mediators eyt oethe
interior of the Sun or near its surface directly into neutrind @ntineutrino) (see Fig

5.13). In the standard scenario, in which neutrinos are producedcantiee of the
Sun, the neutrino energy spectrum is dampeda$§, with a critical energy of

£~100GeV. This is because high energy neutrinos can interact with nuclei and be
absorbed before escaping the Sun. However, as the solar density efecreas
exponentially with radius, if neutrinos are injected (by a mediatdgrger radii they
suffer much less absorption and finally can propagate out of the Sunfdtvégn
decay inside the Sun, the neutrino signal can be dramatically eshemmpared to

the standard scenario. It is expected that the critical eneady & absorption
increases exponentially with the neutrino injection radius, increesigdjy once the
injection point is moved outside the dense core. In this work, it hasshedied the
neutrino signal at the Earth from annihilation of secluded DM in tine fSua range

of DM masses and considering mediator lifetinyge=10 s. For this case the
spectrum of neutrinos is flat with energies from 0 to the DMsn(@sll & Petraki,
2011). It is usually also assumed that the mediators decay withtegnahing ratio
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to the three neutrino flavors. They will reach the Earth witlogdt:1:1. For the last
two scenarios a detailed oscillations study has not been perfasnted propagation
of neutrinos, in this work the more conservative assumption has bieeg tato
account in which, after oscillations, all neutrino flavours ardvehe Earth with the
same ratio 1:1:1.
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Fig 5.13. Secluded scenario diagram where the mediator dénaige or near the
Sun’s surface into neutrinos which could be detechy neutrino
telescopes.

5.3.3.2.3 Decay probabilities

If the mediator product decay is a di-muon pair, the probabilityroédiator with
decay lengtt. = ycr , to decay inside a detector of sid¢considering the size of the

detector and the typical traveled range by the particles beiagtééf muons in this
case) is given by (Meade et al., 2010):

P

decay

-l (1- @)= {Z/L S (5.4)
D is the distance between the detector and the source. In the secdity ahoee,
has been considered two important limits, demonstrating that if tlagy teregth is
comparable to or larger than the distance to the source, the priytiahslbserve the
particle increases linearly with the size of the detectors Tiakes the neutrino
telescopes very competitive in these searches becauseathebe largest volume
detectors currently available. Conversely, if the mediator is shodt (ca@mpared to
D), the probability for decaying inside the detector is exponentialbil SRyecay is

maximized whenD = L. As a consequence, mediators can only be detected if
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produced at relatively nearby sources, such as the LHC, ttiedEshe Sun. Looking
for LOLIPs from DM annihilation in the Galactic center suféesuppression of at

leastrec _10'd /km, Which converts this source unusable for detection or for

decay

setting limits. BesideBqgecaythe other dependence dnD comes in from the usual

solid angle suppressiam = A, / D2, SO that wherPgecay is maximized the total

suppression is approximately, / * whereVgetis the detector volume.

In the cases which the final detected product is the neutrindubhéan changes and,
to increase the probability to be detected, the mediator shocy tetween the
source and the detector, not around it. This will be detailed in Section 7.3.

In Chapters 6 and 7, an indirect search for SDM using the 2007-2012 datiecec

by the ANTARES neutrino telescope is reported by looking at the@iffenediator
decay products: a) di-muons (a good discrimination between di-muons and single
muon is not the priority, but to obtain the best efficiency to detegtudins from
secluded dark matter in the Sun), b) di-muons which in turn, decay intcnosw@nd

C) neutrinos.
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6

Tools and
Methods

In this work, a search for SDM in the Sun has been performed usidagttheecorded

by the ANTARES neutrino telescope during 2007 to 2012 period. Inribigsas a
blinding policy, in order to avoid biases in the event selection, hasfbbewed.

The values of some cuts have been selected before looking agibe where the
signal is expected. This selection criteria have been choseaxtmize the selection

of possible signals (di-muons and neutrinos) produced by mediator Pidm
annihilation in the Sun) decay with respect to the atmospheric backgFrstdtep

on the selection is the estimation, by simulation, of the expecitedril the detector.
Once the flux is estimated and taking into account the background dtetiaetor,
which will be obtained through scrambled data, the pair of cuts whichdeothe

best flux sensitivity will be selected. The final part of thmlgsis is the data
unblinding, i.e., uncover the ANTARES registered data looking to this region where
is expected the best flux sensitivity in order to ensure if theresome significant
signal excess over the background (Chapter 7). In this chapter tools and methods for

the search of SDM coming from the Sun will be detailed. For the signal expectation,
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a new tool developed for simulating the di-muon flux will be describedeMe@r,
the different background sources implied and the ways to minimize theiiseffidict
be discussed. To finalize, the expressions to estimate the AE$A&-muon and

neutrino flux sensitivities will be discussed.

6.1 Signal expectations

In order to know the di-muon fluX{..), generated by mediators {7l GeV) decay,

at the Earth surface (Fig 6.1) as a function of the energy ohtfieilated WIMP, a
new tool calledDiMuGenhas been developeDiMuGengenerates and propagates
di-muons coming from decay of mediators resulting of dark mattehitatiin. The
output of this code follows the ANTARES8vtformat (see Section 6.1.1.1) and acts
as input for the Monte Carlo (MC) chain used to obtain the expected nahber
detected events {n

A
D<=
\ 4
2

Fig 6.1. Secluded scenario diagram where the mediator décalys vicinity of the
Earth as two co-linear muons. These could be dmiebly neutrino
telescopes.

In this analysis, the mediators arrive from Sun direction faligwhe zenith and
azimuth info of the Sun during the period under study with respect toNIARES
position. The different detector configurations and periods used in thesiarare
presented in Table 6.1. Optimal data runs were selected afteiQiality selection
based on external conditions (bioluminescence rates, sea current, thec.),
configuration and behavior of the detector during a given run (numbetiha anits,

thresholds, alignment, etc.), and the properties of the run itselfitdyratmber of
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slices, trigger rates, etc.). After that, a total number of 13@@8were selected which
were performed during about 1321 days. Same periods and data of the staridard
matter search in the Sun analysis have been used (Ardid, 20f8atdy Zornoza,

& Hernandez-Rey, 2013), so the same criteria of data selectiomekgrbund from

scrambled data have been taking into account.

Different background and detector trigger conditions have been appligallyJme
registered detector run condition for each month is used for the di-rimolatson.
The number of detected evemisobtained after each simulation (each year and

detection configuration) are weighted taking into account the lifegfreach period.

Year Direction Geometry
N2 Lines Runs Days
2007 Sun 5 1466 192.3
2008 Sun 10 301 36.2
2008 Sun 9 346 453
2008 Sun 10 21 1.9
2008 Sun 12 1318 96.6
2009 Sun 12 36 24
2009 Sun 11 504 455
2009 Sun 10 392 48.05
2009 Sun 9 516 87.3
2009 Sun 8 49 8.5
2009 Sun 10 166 18.3
2010 Sun 10 1399 147
2010 Sun 9 399 419
2010 Sun 12 614 511
2011 Sun 12 3118 275.4
2012 Sun 12 2418 2237
Total days 1321

Table 6.1. Different configuration periods used in the simigat and for

background estimation using scrambled data
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For track reconstruction the algorithm calBBFit (J. A. Aguilar et al., 2011) was
used.BBFit provides a fast and robust reconstruction of neutrino induced upward-
going muons and a discrimination of these events from downward-goingpéenias
muon background in the data collected by the ANTARES neutrino teles8epe (
Section 6.2). From the position and time of the hits of the Cherenkowsrzhiot the
OMs a muon track is reconstructed. This reconstruction algorihmased on the
minimization of ay?like quality parameter, Q, which uses the differences between
the expected and measured times of the detected photons plusctarotezm that

takes into account the effect of light absorption:

Q:i{(ty-ti) +A(a)D(oL)} 6.1

o’ (a)d,

i=1

wherety andti are respectively the expected and recorded arrival time phibtens

from the track, ands? is the timing variance. The second term takes into account

the accumulation of high charges in storeys close to the tracki€rhisuses the
measured hit charge,, the average hit charge calculated from all hits which have
been selected for the fit,a >, and the calculated photon travel distambketogether
with a normalization valualo. The functionsA(a) andD(d,) are detailed in (J. A.
Aguilar et al., 2011).

Depending on the configuration of the detector (number of active lindsha muon
(anti-)neutrino energy, this algorithm yields an angular resolution onggeing

neutrino direction between 1° and 8°.

Basic cuts are applied to the data previously to jthkke quality parameter

minimization:

* Number of hits (storeys) used in the trackfiit > 5. Before starting any fit,

the list of selected hits is examined. If the analog PMT sigoakes a preset
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threshold, typically 1/3 photoelectron (p.e.), its arrival time ifsued
together with its charge. The latter is obtained by integratingrtalmg PMT
signal within a time window of 40 ns. Each such pair of time ancyeha
called a hit and the corresponding data for each hit are collecibdeé@nts
with more than 5 hits are accepted. If all selected hits aaesonyle detector
line, a procedure for a single-line fit is started, otherwiseudi-line fit
procedure is performed.

* Number of lines used in the track fitline > 1 forMultiLine (ML) analysis
(nline=1 forSingleLine(SL) analysis).

» Jtcosth < 0.9998, it refers to cosine of the zenith angle of the fittekt
This cut excludes events for which the fit stopped at the boundary condition
for the elevation angle.

¢ Q < Qu In the BBFit-like reconstruction two types of fits could be
performed. The first one corresponds to the quality parameter tfathe
fit, Eq.(6.1), aimed at the reconstruction of a particle track and thade
one to thebright-pointfit defined for the search of point-like light sources.
For each one a quality function is built based on the time diffesdrateveen
the hit times and the expected arrival times of photons from dlo& or
bright-point, as in a standayé fit. The terms that depend on the measured
hit charges and calculated photon travel distances are emjedied. From
these, two so-called quality functiorgd,andQyp respectively, are available
normalized by the number of degrees of freedom of the fit. AQtiseby
definition more efficient for hadronic and electromagnetic showeduged
by the downward going muons bundles this will be the fourth eleméme in
basic quality cuts used for this analysis.

In this analysis for each year®@i-muon events generated from m 0.03, 0.05,
0.1, 0.2, 0.5, 1, 2, 5 and 10 TeV, ang=aml GeV, arriving from Sun direction at
random time have been simulated. For the higher DM masges (2 to 10 TeV)
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mediator decay outside of the spherical can (Section 6.1.1)bleaveconsidered as
well adding simulated events in this region following the same approaactompare
and to sum up the outside and inside decay expected signal, the considiamessv
(Fig 6.2) should be taken into account in order to weight the number of @festch

decay zone.

g
\
/o

__Vin \g,

180!

Fig 6.2. Schematic view of the different considered volufimesnside and outside

decays.
V
ns = I"]sin+ \;::t nsout (62)
where:
Vuut =77 RSph2 dmax (63)
4
Vin =§”R3ph3 (64)

andRspn is the radius of the spherical cahax is the maximum travelled distance
used inDiMuGen for a muon ofM, /2 energy before reaching the sphere to be
detected. For example, the value for the ddge 1 TeV, m = 1 GeV (being
Rspi=394.4m an@na=1749 m) isv,, /V, =3.33.
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6.1.1 Di-Muon Generator (DiMuGen)

In this section the di-muon signal generator code is described. rRpficdy,
DiMuGen uses a spherical can that contains the typical cylindrical AMRES
detection volume, which surrounds the instrumented detector volume, aresdieé

limit of simple muon propagation plus Cherenkov light generation and pragagat
The detection volume extends typically 3 attenuation lengths beyond the

instrumented volume. Fig 6.3 illustrates the relevant numbers of these volumes

N Cherenkov

: ight k Detection

| Volume

Particle
Tracking Instrumented
i - Volume
s921m! [— —
Spherical

can

S P

Sea
Bed

477,22 m

Fig 6.3. Relations between instrumented volume, detectidnrwe and spherical
detection can used DiMuGen

DiMuGen code has two main differentiated parts regarding whether decaysoccur
inside or outside of the spherical can. Both parts will be explaigeatately in the
following sections. In order to visualize the whole process Fig @#ska block
diagram of the code.
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INPUTS

PRIMARY
DIRECTION
OUTSIDE DECAY INSIDE DECAY
Impact Sphere Decay point
Point inside the sphere|
W Traveled
Distance and W Energy
Energy
Di-muon True muon
separation direction
Tr‘ue impact write Output
points on the
(.evt)
sphere
write Output
(.evt)

Fig 6.4. Block diagram of th®iMuGenmain program

6.1.1.1 Inputs and outputs

TheDiMuGeninputs are six. 1) The number of events to simulate, 2) the WIs3 m
(My). 3) The mediator mass {nfor this analysis typically set to 1 GeV. 4) The
decay zone, inside or outside of the spherical can. 5) The main diraeion, i.e.,

if the mediators arrive from the Sun or from all incoming dicers, the last option
useful for diverse physics, systematics, etc.... In next releasds be included the
option for mediator coming from the Earth center, this could be arstieg SDM

case t0o0. 6) The output directory where #doutput file will be saved.

The output of this code follows the ANTARES/tformat. A file containing the list

of di-muon tracks. This file consists of a general header, whichinsnido about
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the simulation performed, followed by the list of physics evevitse Carlo tracks).

Each track entry contains the following information:

start_event: 1 1
track_primary: 1x y zwWw W% M, +(d/1°) fdey ZONE

track_in: 1x1 Y1 22 Vx1 W1 Ve1 E1 tdelny P_id
track_in: 2x2 y2 2 W2 W2 V2 B2 tdelay P_id
end_event:

start_eventindicates the begining of an event and provides an event number.
track primary includes the information of the primary track which corresponds to
the mediatorx,y,zindicates the hypothetical impact point over the sphericabtan
the mediatomny,w,V; are the director cosines which indicate the mediator direction.

M +(d /1°) is a control value that indicates de DM mass and distan@seicahy the

di-muon. tgeiay indicates whether it has been introduced some delay #oree
indicates if the mediator decays inside or outside of the spherical can.
track_incontains the information of each muon with the track number idetiiin.

X1 Y1 2 are thecoordinates of the impact point over the spherical can. The director
cosines are indicated by W1 Wi Eiis themuon energyP_id is the particle
identification, in this case 5 for muons.

Three additional outputs are also available in form of single muamntswauonl,
which contains only the single muonl tracks but acquiring the primargtiditg
muon2, which contains only the single muon2 tracks; and sum, which contaies sing|

tracks with the primary direction and impact points but with energy stBiHoE;.

6.1.1.2 Code description

In the following sections th®iMuGen operation is illustrated with 2Gimulated

events ofm, =1Tev andm, =1GeV. This will be the reference case.
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6.1.1.2.1 Primary (mediator) direction/, = (v,, v, v,)

x1 Vyr ¥z

The first step, common for inside and outside decays, is the assigmihthe
mediator direction. If the mediator arrives to the detector falmincoming

directions:

V, = (V,, V,, \,) = (Sind cosp ,sid sip ,cad (6.5)

x1 Yy Vz

whered will be random between 0 antd weighted asf (8) =sin(@), and¢ will be

random between 0 ytdSee Fig 6.5)

Mediator direction Mediator direction
200 150
150
@ @ 100
c c
2 100 19
(] [}
=2 4 50
50
0 0
0 1 2 3 4 0 2 4 6 8
9 (rad) @(rad)

Fig 6.5. © and¢ distributions to assign the mediator directiorivimg from all
incoming directions.

Instead, if the mediator arrives from Sun direction, zenith and dzimigrmation
about the Sun position, with respect to the ANTARES position are obtained in order
to assign the Sun direction to the mediators. The matlab© functioadcall
sun_position.ms used for this purpose. This function computes the Sun position
(zenith and azimuth angle) as a function of the observer lozalaind position. This
function follows an algorithm based on numerical approximation of tlaetex
equations. The authors of the original paper (Reda & Andreas, 20@8)rstathis
algorithm should be precise at £+ 0.0003 degreeRilMuGen if mediator arrives
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from Sun direction, it is consideredd=zenitr andp=-azimuth- UTM,,,.(
UTM,_,,=1.92647 18( is the convergence angle of the UTM coordinates at the

ANTARES site in rad) (Fig 6.6). Finally the direction cosines will be:

Vo = (%, Yy, V,) = =(sind cosp ,sif sip ,cad (6.6)
Mediator direction Mediator direction
300 200
150
@ 200 @
c c
g 2 100
@ @
Z 100 Z
50
0 0
0 1 2 3 -8 -6 -4 -2 0
6 (rad) o(rad)

Fig 6.6. © and¢ distributions to assign the mediator directiorivémg from Sun
direction

From this point the code is different if the decay occurs inside or outside the.sphe

6.1.1.2.2 Inside decay

I. Decay point inside the sphefey, 2

After the mediator direction assignment, a decay point insidgptierical should be
assigned too (See Fig 6.7). Random values between -1 and 1 are gefogrtte
X Y:Z coordinates of the inside decay point. Accepting only internal poirdsspifere

of radius 1 a.u.y/X + Y + Z <1. The decay point coordinates will be then multiplied
by the sphere radius.
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Ilediator decay point inside the sphere

400 .

00 ).

z (m)

amd.o

=400
500

"

Fig 6.7. Random mediator’'s decay points inside the sphere.

[I.  Muon Energy(E;, E)
Once the mediator direction and mediator decay point have beenhsdblisuon
energy to the di-muon is assigned. In this case, where the decay iociter vicinity
of the detector, no energy loses are taking into account, so each rsuihie same

energy,m, /2.

[ll.  Muon direction(Vo1, Vo2)
Due to the boost during the mediator decay, the two resulting muoes alittle
deviation with respect to the mediator trajectory. To deternhieadéviation angle
with respect to the mediator direction, longitudina) @nd transversep) momenta
are calculated. As DM mass is much greater than mediator imaspossible to
consideretang = p; /p_, where p_ =E, (in GeV) andp, = a,m,/2 (in GeV), being

a =1- >§/1/ X+ Yo+ Z., wherexm, ym andz, (ramdom values between -1 and 1) will
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indicate the random direction of a muon in the mediator's restefr&inally, by
means of two orthonormal vectokg, andVa, to the mediator directioiy:

,—V,,,0
Vl - (\/Oy - 0x _ )
\/ ;Oy +V0x
(6.7)
V2 = VO X \/l
the final directions of the two muons will be assigned as:
Vo = Vo ttang (aVi+ a,V,)
(6.8)

Vo =Vp—tang @V, + a,\V,)

where a, is a random value between -1 and 1, and(1- a?)"2.

Fig 6.8.

Ilediator & Di-muon directions

Z (normalized)

¥ (notmalized) -1

¥ (normalized)

Mediator decay point (red) after the direction gssient. Blue and green
points show the trajectory deviation of the two msidn the detailed view,
a 500X zoom has been applied.
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Fig 6.8 shows the decay point into the sphere (red) and the hypothetatadn of
the two muons taking into account the deviated trajectory respdut tmediator
direction. At this point it is available all the information nlete the output file:
mediator’s direction, mediator’s decay point, muon energies and muon directions.

6.1.1.2.3 Outside decay

If the decay occurs outside of the spherical can, the process is a little bit more

complex because of the muon propagation from the decay point to the can.

JI ) N e B - LL 1‘2

1802

Fig 6.9. Schematic view of the outside decay case.

l.  Muon direction( V,z, Vo2)
In the outside decay case, this occurs far away of the detebhtodeviation due to

the boost versus the travelled distance is negligible, for tre®med is considered
that the two co-linear muons arrive to the detector maintaihengnediator direction,
V, =V, = V,,.

II.  Di-muon impact point over the sphei®,)
In order to know where the di-muons impact over the spherical cslrit f& obtained

the hypothetical impact point reached by the mediator (Fig 6.9).
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P, = Ryu[sina cosB  sinr siB  cos] (6.9)

being a random between 0 and?, weighted asf (a) =sina , ands random between

0 and z. (w=0) (See Fig 6.10).

200 150
150
@ «n 100
S c
2 100 g
@ O
= < 50
50
0 0
0 0.5 1 15 2 0 2 4 6 38
o (rad) B (rad)
Fig 6.10. o andp distributions to assign the hypothetical mediatgract point over
the sphere

This hypothetical impact point is defined with the z axis direction. In order to define

it with the mediator direction it is necessary doing the correspgrdtation using
theR matrix (Eq.(6.10)). After that, it is obtained the impact poirat perpendicular
plane of the mediator direction taking into account the travelledndistand the

deviation.
sin—g -cos¢ O 1 0 0 cag sip
R=|cos-¢ sirg 0| 0 cosd sind| - sin cgs |[(6.10)
0 0 1]/ 0 —-sin-@ cosé@ 0 0

lll.  Traveled distance and energy &, E)

The traveled distance of the di-muon is a random number betwteat 6qrresponds
to mediator decay over the spherical can surface)dangd maximum distance

allowed, usually related to the muon range, calculated by:
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Rg: IOg(l+ (Eo /Ecrit )) (611)

whereg, =M, /2, E, =1029, that is the muon critical energy in GeV, and
b=(0.3092 logE,) + 0.8189)1¢ni") .

At this point, knowing the traveled distance between the mediatordy gheint and
the sphere impact point, the muon energy is calcul&e#a®* simulations have
been performed for muons (0.1, 0.5 and 2.5 TeV) in order to parametererethy
spectrum vs distance and the suffered scattering along the pat).thisisimulation
results for these masses a parameterization, based on thenmassnand the

maximum traveled distance, is proposed for the rest of muon energy cases.

i.  Parametrization of energy spectrum and angle scattering vs distance
DiMuGengenerates di-muons with a fixed muon mass (0.5 TeV) as refevdrich,
corresponds to the simulation case gH#TeV. For other masses under study some

corrections are applied to the results of the reference caskt&ining the scattering

angle, the muon energies and the travelled distance to reach the detector:

(6.12)

4Fluka® is a general purpose tool for calculations ofipkrtransport and interactions with matter.
Fluka© can simulate with high accuracy the interactom propagation in matter of about 60
different particles, including photons and electrdrom 1 keV to thousands of TeV, neutrinos,
muons of any energy, hadrons of energies up toe20 &and all the corresponding antiparticles,
neutrons down to thermal energies and heavy ions.
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d
d= dref ﬂ} (6.13)
dmaxref
Mx
E, = By | 1722
A

(6.14)

EZ = E:Lref M ;
e
a

where the terms namédi_ref are the results for the reference case di-muons (0.5
TeV), dmaxrer IS the maximum travelled distance, for muons of 0.5 TeV, before
reaching the spherical can andy®f =1TeV, is the reference DM mass. In the
following plots (Fig 6.11 and Fig 6.12) the results ugtiigka®© simulations and the
new parameterization are compared.e\@ents of M=200 GeV and NE5 TeV have
been simulated and compared with Fluka simulations of muons of 100 @e&/5an
TeV respectively. These comparisons show good agreement befigca®

simulations results and the results obtained with the parameterization.

mx=200 GeV d=200m Nevents=10000 dmax(case)=430m

4 Mx=200 GeVd=200m Nevents=10000 dmax(case)=430m

180 10
— Fk 100 GeV npart=986 — Fk 100 GeV npart=98643
1600 —— Paramtyd npart=9697 | — Parametyl npart=9697
e = —P t =9697|
1400 Paramp2 npart=9697 || 1037 arametp2 npart {
1200
(%] [%]
[} [}
S 1000 s ,
5 5 10
2 800 o
= =
600
10t
400
200
G L L L 100 L L L
0 20 40 60 80 100 0 05 1 15 2 25
Energy (GeV) Angle (°)

Fig 6.11. Fluka vs parameterization comparison for 0.1 Te\énsu Energy spectra
comparison (left) and scattering angle (right).
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d=1000m d(dimugen)=380m dmax(case)=4606m d=1000m d(dimugen)=380m dmax(case)=4606m

10

100+ — Parampl npart=9994 R — Huka 2.5 TeV npart=10032.3249
ol Paramy2 npart=9994 ] 1L — Paramyl npart=9994
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Fig 6.12. Fluka vs parameterization comparison for 2.5 Te\@nsu Energy spectra
comparison (left) and scattering angle (right).

Assuming that in the decay point each muon has an éhedyy,/2, the energy loses
and the scattering suffered in the path to reach the sphere chtalmed using these
parameterizations. This affects the di-muon separation, which isnotbly with

the distance and consequently to the final impact point over the spherical can.

All of these parameterizations have been done simulating muon prapadgati
seawater but, if the arrival directionupgoing part of the propagation occurs in rock
(See Fig 6.13). For thesggoing events an “equivalent water distance”, longer
distance, is calculated in order to take into account the largeslagcurring during

the rock propagation.
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Fig 6.13. Propagation distances useddiMuGen

First of all, for all theupgoingevents, it is calculated the portion of rock and sea water
of the whole propagation distance as:

cosg =% 4 (6.15)

H20max

asv, = (v, v, Vv,

1 Vys V7

)=-(sinf cosp ,si¥ sip ,ca? .

ol g (6.16)

d
H20 v,

and thereford d-d,,,. The equivalent water propagation distance to the rock

rock =
propagation distance is calculated as:
deq = dyyo* Fdgy (6'17)
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whereF=2.2 is the average relation factor between water and rock propagatashs us
This value of muons has been set according to the range given by PGD (Olive et al.,

2014). Fig 6.14 shows the propagation distance distribution for the example case.

250

B Eq water distanc
I Water distance |-

D

200

N entries

0 1000 2000 3000 4000
d(m)

Fig 6.14. Dimuon travelled distance distributions considendy water propagation
or the equivalent water distance (water+rock pragiag).

After redefining the distances for thpgoingmuons it is necessary to re-calculate
their energy according td.,. This is performed using again the energy spectrum.
These new energy values calculated dgy already consider losses including the
propagation in rock, therefore, lowering energy values. For this reasmncases
with energy equal to zero appear (meaning that the muon, finallgphesached the
can) (See Fig 6.15).
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Fig 6.15. Di-muon energy distributions considering only wafgtopagation or
water+rock propagation.

IV.  True impact points on the spherical can (P1,P2)
Finally, the true di-muon impact points over the sphere are ctddul&or this
purpose it is necessary knowing the di-muon separation at reaching thiesdlas.
This separation will be determined by the di-muon deviation at treyqmint (ang
following the same procedure as in the inside case (See Séctidn2.2.111), the
traveled distance to reach the sphebeahd the scattering suffered for each muon
(tané, ,tard,,) (Fig 6.16).

o, =dtang (6.18)
3, =dtané,

(6.19)
J.,=dtang,,

where &, represents the di-muon separation caused by boost during the mediator

decay and; anddr, encompass the separation caused by scattering during the di-
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muon propagatiand is the travelled distancaang = p,/p,_, Os1 and Os2 are the
scattering angle suffered for each muon respectively.

Dimuon separation
200

N entries
)
o (=]
b .

N entries
[ [
e 9
.

N entries
[ [
e 9
|

Fig 6.16. Distribution of the di-muon deviation at the decagint ©r) and the
scattering suffered for each mua@nl( 6r2).

These separation distances would be in a perpendicular plane tavhledinection
V, =(v,v,V,). To calculate the impact points on the sphere (Fig 6.17) the two
orthonormal unitary vectors of the plane are calculated as:

_ (v, V,.0)

L= VTV (6.20)
y X

As their scalar product is null and no one of them is a null vector:

VAVE \VAVARVATSVERV ERVAVERVAV ¢ (6.21)
The second vector is obtained by the vector progucy, x\,:
i ]k

1 (Vsz7Vy\/z'_\fy - \fx)

Vo=V V= ———5I Y= T (6.22)
(Vy +\/X) Vy _VX 0 (Vy2 +VX2)2
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To obtain the real impact point of each muon:
PR=R+5(au+ aV)+5,( v+ b\ (6.23)
P=R+5 (aV+ aV)+J ( gu+ ¢\) (6.24)

Beinga; (andby, ¢ ) random numbers between 0 amdwighted asf (a,) =cos(, )

anda; (andby, ¢) between 0 andr2weighted as (a,) =sin(a,)-

Direnon irpact points i the sphere

500

2500
500

Fig 6.17. Mediator hypothetical impact point (red), blue arden points show the
impact points over the sphere of the two muonsy®abe been plotted 10

events for better visualization. In the detailedwi500X zoom has been
applied.

At this point it is available all the information to complete dlgput file: mediator’s
direction, di-muon’s impact points and muon’s energy.
6.2 Background obtained using the scrambled data

There are two sources of muon background in ANTARES, both produced in the
interactions of cosmic rays with the Earth's atmosphere:
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Down-going atmospheric muons resulting from the interaction of cosmic
rays in the atmosphere. Almost all of this is reduced by the Sselocation

and by the reconstruction algorithms that are tunegh¢mingevents. Cuts

on the quality of the tracks are also applied to rejeetngoingmuons
wrongly reconstructed aggoing

Atmospheric neutrinos produced by cosmic rays. These neutrinos can
traverse the Earth, so they can be detectegpbgsingtracks. This is an
irreducible background.

Fig 6.18 shows a comparison between data and Monte Carlo (MC) simulations of:

a)

b)

Miss-reconstructed atmospheric muons performed with the MUPAGE
(Atmospheric MUons from PArametric formulas: a fast GEmerdor
neutrino telescopes) package (Carminati, Margiotta, & Spurio, 2008).

Upgoing atmosferic neutrinos performed with GENHEN (GENerator of
High Energy Neutrinos) (Labbate, Montaruli, & Sokalski, 2004,) which is
the ANTARES software package to simulate neutrino interactiomsve
the proximity of the detector.

Fig 6.18 shows the good agreement between the data-MC comparisons. Htwever
the background estimation scrambled data (randomizing the time) duripgrtbe
under study was used. This allows to reduce the effect of sy&tamaertainties

(efficiency of the detector, assumed flux, etc.) from the sinoumafhe data used
correspond to the period from 2007-2012. During almost all 2007 only 5 lines were

installed. The number of operative lines was increasing until arriving to 12 in 2008.
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Fig 6.18. Data_MC comparisons for some of the basic cutsa Qalack), MC: miss-
reconstructed atmospheric muons (redpgoing neutrinos of energies
comprises between [5-20-%0GeV (blue), upgoing neutrinos of energies
comprises between [20-36 18] GeV (pink), all (green). The represented
variables have been described in Section &hi2 refers to the quality
parameter @).(plots from the standard dark matter Sun analflsisnbard et
al., 2013))

6.3 Optimization of the event selection criteria

A binned method is used in order to minimize the sensitivity of ARES to the di-
muon flux. In this sense, tiModel Rejection FactofMRF) (Hill & Rawlins, 2003)
is used to optimize the angular distance to the sowggsdefined as the angular
separation between tracks and the Sun’s direction, and the track quuatlity
parameters, & (Ec.(6.1)). The sensitivity for a di-muon flux can be written as:

- o (E,g) ool Nne) (6.25)

0%
nS

o (E,0)
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where®(E ) 90% indicates the upper limit on the source flux calculated scétiieg
simulated flux®(E,8) by the ratio of the upper limifio(nobs ), and the signal
expectationns. The confidence interval at 90%xo(nobs Nv), iS defined as a function
of the number of events observegs, and the expected backgroungl, Although
it is not possible knowing the upper limit that will result fromexperiment until
looking at the data, it is possible using the MC predictions taleddcan average

upper limit,z,(n,), that would be observed after hypothetical repetition of the

experiment with expected backgroumd, and no true signalnE&0) (Feldman &
Cousins, 1998). The average upper limit, is the sum of these edpgaer limits

weighted by their Poissson probability of occurrence:

ﬁgo(nb) = i /'IQD(nubs.nb)(nb) - em (6.26)

Nops =0 (nobS)!
The strongest constrain on the expected signaldi(E8) corresponds to the set of
cuts that minimizes théModel Rejection Factor z,,/n, which, consequently,

minimizes the average flux upper limit that would be obtained ovdnybethetical

repetition of the experiment.
CT)(E,H)QO:CD(E,H)% (6.27)

In the secluded dark matter analysis, decay of mediators in thmeslinside and
outside the spherical can have been simulated. To convert this ihig, ahe
simulated number of events in the inside case has been takeferamnage, in this

way, the sensitivity to di-muon flux would be given by:

= A\ Twe ) M (6.28)

@iy 4 273
(5]
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where T,

live

corresponds to the live time (total number of data taking da&t),

N, is the number of events simulated inside the can {labd R, is the radius

of the spherical detection can. Notice that the events ofutsde case are also
considered throughs, see Eq. (6.2).

6.4 Other interesting cases in Secluded Dark Matter

In the SDM model there are some other interesting cases tleabbam studied. In
all cases DM is annihilated into a mediator which escapdseofiénse solar core.

The difference lies in the product of the mediator’s decay.

6.4.1 Di-muon decay into neutrino

If the mediator decay into di-muons occurs far away to the Eaghditmuons in

turn may also decay, typically inte (e"),v (), the neutrino and antineutrino are

muonic and electronic (or vice versa) in each decay. As the products of these decays
are three patrticles it is not trivial knowing the spectrum ofriteag. For this reason,
Michel's spectra have been used (Divari, Galanopoulos, & Soulgfls?), in the

muon at rest reference frame. Moreover, their boost, taking inttuatthe muon
energy (i.e., the DM mass), has been calculated. A detailed dsoikaidy has not

been done for neutrino propagation. The more conservative assumption m whic
after oscillations, all neutrino flavours arrive to the Earitinthe same ratio 1:1:1

has been considered. As an example, the final spectra of muonieletignic
neutrino, for di-muon decay fromj#1 TeV np=1 GeV is shown in Fig 6.19.
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Fig 6.19. Neutrino spectra, from the initial muonic and elecic neutrino, for di-
muon decay from =1 TeV mp=1 GeV.

For the Di-muon decay into neutrincase, the process of optimization and
minimization of sensitivities was done working with the ANTARES:Efiive Areas
(EffArea) for neutrinos and antineutrinos. The EffArea was cakedlay the authors
of the Dark Matter Sun analysis 2007-2012 using the standard ANTARIEB80N
tools (Lambard et al., 2013). In the SDM analysis, the only change trespibe
Standard Sun Analysis, is the final energy distribution of these particles.

6.4.2 Mediator decay into neutrino

When the mediatorg, escapes of the Sun core, they cod&tay directly into
neutrinos and antineutrinog] — Vi (Fig 6.20) In the standard scenario, in which
neutrinos are produced at the center of the Sun, absorption is réteaal00eV

, resulting in a significant suppression of the neutrino spectrum bé&yeH@\V. The

neutrino energy spectrum is damped @$, with a critical energy of ~100GeV.
This occurs because high energy neutrinos can interact with nuclbeattsorbed

before escaping the Sun. However, as the solar density decreagesrgially with
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radius, if neutrinos are injected (by a mediator) at largerttaglfiare subject to much
less absorption and finally can propagate out of the Sun. Eveérdfaray inside the

Sun, the neutrino signal can be dramatically enhanced compared t@ridardt

scenario. It is expected that the critical energy scale lsoration increases
exponentially with the neutrino injection radius, increasing rapidly tre@jection

point is moved outside the dense core.

£ A

S o9 gl
= &

Fig 6.20. Secluded scenario diagram where the mediator esthpesolar dense core
and decays into neutrino.

In themediator decay int® case, the neutrino signal at the Earth from annihilation

of secluded DM in the Sun, for a range of DM masses and comgjdmediator

lifetimes yr 210s has been analyzed. For this case the spectrum of neutrinas is fl

with energies from 0 to the DM mass (Bell & Petraki, 2011)s lusually also
assumed that the mediators decay with equal branching ratio ltco€#lne three

neutrino flavors and will reach the Earth with ratios 1:1:1.

For the optimization of the last SDM casesmuon decay inte andmediator decay

into v the sensitivity to neutrino flux would be given by:

Hoy Aeff
=_ /L T vt 6.29
o= (629)

live

whereT

live

corresponds to the live time (total number of data taking days:,1321)

is the average upper limit of the background at 90% CL computed uBlogson
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distribution in the Feldman-Cousins approach (Feldman & Cousins, X@§8). is

the effective area averaged over the neutrino energy defined as:

I Ar(E)S dEV dE,
Aeff (M) =>| = e 4 (6.30)
vy J~dNVdEV+dI\LdEV

dE

where E;" =10GeV is the energy threshold for neutrino detection in ANTARKES,
is the WIMP massqgN, , /dE, , is the energy spectrum of the (anti-)neutrinos at the

surface of the Earth, and is the effective area of ANTARES® function of the (anti-

) neutrino energy for tracks coming from the direction of the Sun below the horizon.
Due to their different cross-sections, the effective areamdotrinos and anti-
neutrinos are slightly different and therefore are considered selgata addition,

the fluxes of muon neutrinos and anti-neutrinos from the Sun and are cedwwitlt

their respective efficienciesi {(ndex denotes the periods with different detector

configurations (5, 9, 10 and 12 detection lines)



7

Analysis and
Results

The last part of the search of SDM with ANTARES is the dethlinding, i.e.,
uncover the registered data for looking to the region where the best flux is expected.
In order to know what is this region, simulations have been performedthsitapls

and following the methods described in the previous chapter. In this chalptee
presented the flux sensitivities obtained after simulation ofiitferent scenarios.
Moreover the strategy to unblind the data, fixing the angular sepataditween
tracks and the Sun’s directionc() and the track quality parameterc(§Q will be
described. To finalize, the ANTARES limits for the SDM modethe Sun will be
shown.

7.1 Flux sensitivities

In this analysis a blinding policy, in order to avoid biases in theteaection, has
been followed. The values of the cuts@ndyc.) have been chosen before looking
at the region where the signal is expected. For this reasonmhb&atsdn of the
different scenarios provides valuable information about the expectedfldi-

muons and neutrinos coming from mediator decay or coming from di-muon decay.
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Following the minimization process described in Chapter 6 sedi8n the
ANTARES flux sensitivity was obtained for the different scenarios. In teedase,
di-muons as product of mediators’ decay in the vicinity of theatiet have been
simulated. Both mediator’'s decay cases, inside and outside of thizapten, have
been simulated. The ANTARES sensitivity to di-muon flux (Eq.(6.23@) obtained

minimizing the MRFE(z,,/n,) , considering the number of obtained evendsif the
simulation. An example of the number of events distribution is showigif.E. In
the other SDM cases (Sections 6.4.1 and 6.4.2), the sensitivity tonoefltix
(Eq.(6.28)) was obtained minimizing the MRE,,/Aeff,;), considering the
effective areg Aeff,,,) for (anti-)neutrinos. An example of the effective area for {anti

)neutrinos is shown in Fig 7.2. The average upper limit in thEchak angle

parameters space used to optimize the flux sensitivitylff@ases is shown in Fig

N
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Fig 7.1. Number of detected events, ns, amount in the {f;cbae angle
parameter space fdBingleLine (left) and MultiLine (right) anlalysis

according to simulations corresponding tg=h TeV mp=1 GeV. The
colorbar indicates the number of events.
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Fig 7.2. Effective area (m2) in the Q, half-cone angle (#erthand width)
parameters space for SL (left) and ML (right) ae@lyor the simulation
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corresponding to g¥l TeV, mp=1 GeV. The colorbar indicates the
Effective area ().

Track Fit Quality

14 16 18 20
Wy

Fig 7.3. Average upper limitz,(n) (Eq. 6.28) in the Q, half-cone angle

parameters space for SingleLine (left) and Multd_{right) analysis. The
colorbar indicates the number of events.

The best flux sensitivity, for each DM mass and each strategypected for the pair
of cuts, track fit quality (Q¢ and half-cone (bandwidth) anglg.{), which minimize
the MRF. Fig 7.4 shows the di-muon flux sensitivity obtained with the tw
reconstruction strategies. UsualBingleLinestrategy is used for low energy events.
Likewise, Fig 7.5 and Fig 7.6 show the neutrino flux sensitivitieh®ftivo other

SDM scenarios.
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Fig 7.4.  Di-muon flux sensitivities using the optimum cuts
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Fig 7.5Sensitivities  td’+Vflux coming Fig 7.6. Sensitivities td/+V flux
from di-muon decay using the coming from mediator decay
optimum cuts using the optimum cuts

The values of the optimum cuts for each dark matter madggsti@nd SDM scenario
are presented in Annex A. The values of the MRF minimization and the di-muon (or

neutrino) fluxes are also shown.

7.2 Unblinding Strategy

Optimizing for each mass, strategyiu(tiLine and SingleLing and SDM scenario
results in many observation trials. Taking into account that thereliices in flux
sensitivities using different cuts is not large, the number of oute tused for the
unblinding has been set to six (Table 7. 1) since they were repteseateough, for
simplicity, inasmuch as the losses in discovery potential wead,sand in order not
to increase the trial factor. The six cuts (4 NaultiLine (ML) and 2 forSingleLine

(SL) ) are sufficient to deal with the different energy ranges, strategycandro.

To enhance the sensitivity to the di-muon case, three diffeasesavere proposed

to use for ML analysis: for masses lower thayeBl2 TeV the optimum cuts for M
=0.1 TeV (Cut 3: Q=1.6, yeur =2) are used; for masses between 0.2 TeV up to 5
TeV, the optimum cuts for =1 TeV (Cut 2: Qi =1.6,ycut =1.4) are selected and
finally, for higher masses the optimum cut fory M10 TeV (Cut 1. Q: =1.8,
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yaui=1.3) are used. For SL analysis, the optimum cuts fp=MO05 TeV (Qu =1,
yeu=12.8) are used for all

In order to enhance sensitivity for both neutrino cases a ML Cu&1@ ycu=2.6
are used for lower masses whereas the previous Cuyt1@yc. =1.3 are selected
at the highest masses studied. For SL analysis, it has bee@duse@. 7 ycue =11.3
for all masses. Table 7.1. summarizes the final selectedautisef correspondent

energy ranges and scenarios.

Reconstruction Neut Qecut  weut(°) Di-p Di-u intov é intov
MultiLine 1 1.8 1.3 M, >5TeV M, >5TeV M, =2TeV
MultiLine 2 1.6 1.4 0.2TeVs M, < 5TeV - -
MultiLine 3 16 2 M, <0.ZTeV - -
MultiLine 4 14 2.6 - M, <5TeV M, <2TeV
SingleLine | 1 1 128 All M, - -
SingleLine 2 07 113 - Al ™, Al M,

Table 7. 1.Summary of the proposed cuts for the unblinding @sgluation.

Fig 7.7 shows the ratio between the flux sensitivity obtained using the optimum cuts
(Annex A) and the flux sensitivity obtained using the proposed ones (Tabléor.

the Di-muon case. This factor represents the worsening in sépsitiven the
proposed cuts are used with respect to optimum ones. For most of the masses values
close to 1 are obtained, with some specific cuts, so it can biuded that the effect

will not be large.
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Fig 7.7. Ratio between the sensitivity obtained using th&nogm cuts and the
sensitivity obtained using the proposed ones. @ridoML analysis, on the
bottom for SL analysis.

For each DM mass the cut which ratio value is nearest tomageselected for
estimating the final fluxThe comparison of flux sensitivity using the proposed cuts
with the optimal ones are presented in Fig 7.8, Fig 7.9 and Fig 7.ttiska figures

it is also appreciated that the effect of using these proposednatiesfinal flux is

small.
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Fig 7.8. Di-muon flux sensitivities using the proposed cfrexl) and the optimum
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cuts (gray). Gray lines are difficult to optimum cuts (gray).

appreciate because the fluxes using
the proposed cuts are almost the same

7.3 Sensitivity in terms of annihilation rates

The probability of a mediator, with a decay lenlgth ycr , of decaying in the vicinity

of a detector of siz€lis given by Equation (7.1) (Meade et al., 2010).

P = 28|~ dom(1- &) (7.1)
decay — 47TD2 :

where:
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e r=r,.xRy,xBR: I, is the product of the annihilation rate,
R.« =0(DMDM - ¢)/0,,. s the fraction of annihilations that produces
mediators, an R, , which is the branching ratio of mediatdg into
muons(y) . For simplicity, branching ratios 1 for the channel considered
are assumedR,, =1 and BR, =1), given this the use diandr,,, is

equivalent.
« d: is the detector size. For simplicity, fluxes are refite mediators

which decay occurs inside of a sphere, with a characteristandes
d =(V )113.

n

« D Is the distance between the Sun and the Earth.
« L=ycr isthe mediator's decay lengths the relativistic factor, in this

casey=M,/m, .

In the first term of Eq.(7.1), two times the annihilation factobé&cause two
mediators are produced in each annihilation of DM. In the secandhersolid angle
suppression is taken into account. The third one takes into account the probability of
decaying before reaching the detector and in the last one the pitgllilecaying

inside the reference detector is considered, can be related with the average flux

upper limit (Eq.(6.27)) for eactm ,m, simulated pair through the expression

(Eq.(7.2)).

2

d2 -b/L -d/L) ) = Nsirn _90_
2r[4ﬂD ]e( )(1_é d/ )_(_] —(Ddi—;zdz (72)

Grouping the terms, the sensitivity can be defined in terms of annihilation rate as:

O,
I= o (7.3)

2(4771.¥)e(—01|_) (1_ é—d/L))
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Fig 7.11. ANTARES reach for detecting mediators producecha $un and
decaying into di-muonas a function of the DM annihilation rate and
mediator decay length. Results for different DM snasd np= 1 GeV using
BBfit Singleline (dashed) ardultiline (solid) reconstruction strategies are
shown. Results of sensitivities obtained usingpteposed cuts.

Fig 7.11 shows the reach of the ANTARES neutrino telescope tat de¢elators
coming from DM annihilation and decaying into di-muons, as a function dkhe
annihilation rate and the decay length of the mediator. It is easdgrdible that the
reach of ANTARES to di-muons is limited by the solar radits {@ km). Mediators
which do not escape of the Sun are not detected. The detection maginsized

when the mediator decays at or in the vicinity of the detectgryiten the lifetime
of the mediator is enough to reach the Earth surface. Above #timéfvalue, the

detection probability decreases linearly with the decay length.

Similarly, sensitivity in terms of annihilation rates can berdef for the other two
SDM scenarios. Equation (7.4) describes the sensitivity in tefensnihilation rates
for detecting mediators which decay into di-muons between the Sun akdrthe

and they, in turn, decay into neutrinos. Likewise, equation (7.5) desdhibes
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sensitivity in terms of annihilation rates for detecting mediattiish decay directly
into neutrinos. The differences between the three expressions (equations? #).3), (
and (7.5)) lie in the different decay products.

/'_190 477.D2 )
reg e o Pu 40 (7.4)
éT-Iive(e Run/L _ eD/L) \73( Run/ L _ eD/L)
T :
= 4/:-9 L&;‘U_ e_D“_) = T(“]*_“_LZZ?L) (75)
3 live 3

Fig 7.12 shows the reach of the ANTARES neutrino telescope tat deteltators
coming from DM annihilation which decay into di-muons and finally gleioo
neutrinos, as a function of the DM annihilation rate and the decgghleof the
mediator. Three different regions can be observed in the plot:sBasitivity is
obtained when the mediator decays in the vicinity of the Earth.s€hesitivity
remains almost constant while the decay length is enough to escap¢heusun. If
the decay length of the mediator is longer than the Sun Earth distameensitivity
decreases linearly with the decay length.
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Fig 7.12. ANTARES reach for detecting mediators producethé3un and decaying
into di-muons and finally into neutrinos (beforacking the Earth) as a
function of the annihilation rate and decay lengbsults for different DM
mass and = 1 GeV usingBBfit Singleline(dashed) antMultiline (solid)
reconstruction strategies are shown. Results d¢fitbéties obtained using
the proposed cuts.

Fig 7.13 shows the ANTARES reach for detecting mediators producedSuhend
decaying into neutrinos as a function of the annihilation rate and kegi. In this
case, mediators with lifetime higher than 10 seconds have beerdstadiit is
assumed that the mediator escapes of the Sun. Here again, thenisdsiitg is
obtained when the mediator decays between the Sun and the Earth,inigcreas

linearly when the decay length exceed the Sun-Earth distance.
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Fig 7.13. ANTARES reach for detecting mediators producethé3un and decaying
into neutrinos as a function of the annihilationerand decay length.
Results for different DM mass and¢m 1 GeV usingBBfit Singleline
(dashed) antultiline (solid) reconstruction strategies are shown.

7.4 Cross Section Sensitivities

For the study of the SDM model, the assumption whereby the anipihitztlances
the DM capture in the Sun has been taken into accoypt C_ /2. The capture can
be approximately obtained by Eq.(5.2), whesg, and o, are the spin-dependent
(SD) and spin-independent (SI) cross sections respectively.rfite din the SD and
S| WIMP-proton scattering cross-sections are derived for tbe icawhich one or

the other is dominant. Following these assumptions, the spin-dependerssniims

will be:

10°s™) 277 ( M

X

-2
40
o :( o, jlo cmz(lTe/J 7.6)

Likewise, the spin-independent cross-section will be:



7. Analysis and results

-2
2r. \10%cn?( 1TeY
Oy =| =am | | == 7.7
s (10205'1j 4.27516( MX] (7.7)

Authors, in this reference (Ibarra et al., 2014), relies on assumpitiotie density
and velocity distributions of dark matter particles in the Soyate®n, as well as on
the composition and density distribution of the interior of the Sun (A. GbOR&Y).

These assumptions along with the model considered are the cattie diffierences

between the expressions obtained by different authors. For examptslculated

by the (Kamionkowski, 1991) proposal differs a factor about 3 to 5 (depending o
them, ) with the (Ibarra et al., 2014) one. The casegis a little bit more complex

due thewm, dependence used for diverse authors in the bibliography. Ibarra et al.

consider a quadratic dependence while (Bell & Petraki, 2011) corsidlaeal

dependence and (Meade et al., 2010) cons(ilslkgrr)al2

The results of this work have been obtained following the capttegraposed by
(Ibarra et al., 2014).

As was presented in the previous sections, the sensitivity is tarthe annihilation
rates depends on the lifetime of the mediator. For the cross-section evaluatibn it
be convenient to set a value of the lifetime of the mediatorseBothe maximum
potential for these models, lifetime values for which the geitigis are the best have
been assumed. For the di-muon case, the lifetime has to be long encesiréclzat
the mediator reach the vicinity of the Earth (see Fig 7.11)owlh this, the best
sensitivity is obtained for mediators with decay lengthycr =1.5006km (distance
between the Sun and the Earth). In both neutrino cases the lifetitine mediator
for best sensitivity has to be long enough to assure that the areziatpes of the
solar dense nucleus, but not too long so that it decays before ret@hiBgrth. It

can be demonstrated, by minimization of the equation (7.1) that ¢ienéf of the
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mediator for the best sensitivity must be forty times the sobatius

(L = yer = 2.7010 km), approximately.
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Fig 7.14. ANTARES proton-WIMP cross section sensitivities fthie three
Secluded DM studied cases, USINBBfit Singleline and Multiline
reconstruction strategies. Results for favoraliétifne of mediators.

Fig 7.14 shows the ANTARES proton-WIMP cross section sensitivite the
different SDM scenariogproducts of DM annihilation in the Sun through mediators
decaying into: di-muons (red), di-muons which in turn decay into neutrinos) (bl
and directly into neutrinos (Green)) for favourable mediator ilife2 tvalues. It is
worth to mention that, for favorable lifetime of mediators, thiSTARES analysis
search has better sensitivities for spin-dependent interactiontiibaa of direct

detection experiments. For S, this is only the case for karge

7.5 Final Results after unblinding the data

After a detailed study of three different secluded dark mattenarios and the cut
optimization procedure a total of 6 cuts (on quality param&er) (and angular
distance to the sourced;) have been selected for the evaluation of all considered
masses and scenarios. The proposed cuts have been summargaeé in T. After

the proposed cuts were fixed, the data sample was unblinded andoeweini from

Sun direction during the evaluated period were studied.
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7.5.1 Unblinding results following MultiLine reconstruction strategy

Table 7. 2 shows the unblinding results for khgltiLine analysis. In this table the
obtained events in the selected cutspdNand the number of events expected for
background, scrambled datanfhy), are presented. No statistical significant excess

has been observed above the background in the Sun’s direction for any cut.

Yeut H90% H90%
Reconstruction Ncut Qcut  (®)  Nobs Nback  UpperLimit LowerLimit
MultiLine 1 18 1.3 2 1,25 4,665 0
MultiLine 2 16 14 2 0,892 5,02 0
MultiLine 3 1.6 2 3 1,82 5,605 0
MultiLine 4 14 26 3 2,037 5,39 0

Table 7. 2.Results of the unblinded data evaluation with theppsed cuts for
MultiLine reconstruction.

As the significance level is not enough to evidence signal, it has been proceed to put

limits for the models. Using the values obtained for the proposed cuts, 90%

Confidence Level (CL) limits on the di-muon fluxp4.,) and also neutrino flux

(®

respectively, where thg, average 90% CL upper limit is replaced by the upper limit

,+s), can be computed from the data according to EQ.(6.28) and Eq.(6.29)

at 90% CLy,,, on the number of observed events. Taking into account the number

of events observed and the expected background, the upper limit canibecbata

the 90% confidence interval following the Feldman-Cousins approatdni&e &

Cousins, 1998).
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Fig 7.15. Differential distribution of the angular separatipof the event tracks with
respect to the Sun’s direction for the expectedkgpaeind (red line)
compared to the data (black asterisk). Resultgherfour cuts oBBFit

MultiLine reconstruction.

Fig 7.15 shows the distribution of the angular separation between the averite

Sun’s direction obtained after applying the selection criteria omehigh angle, the
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minimum number of hits and lines, and the differéht of the Table 7. 2. As
remarked previously, in any cut has been observed a statistical significass.exc

7.5.2 Unblinding results following SingleLine reconstruction strategy.

Table 7. 3 shows the unblinding results for $iegleLineanalysis. In this table the
data events for the selected cutswsgNand the number of events expected by the
scrambled data (M) are presented. No excess has been observed above the
background in the Sun’s direction for any cut. Following the same procedure than in

the previous section (7.5.1) it has been proceed to put limits for this model.

Yeut 190% 190%
Reconstruction Neut Qcut  (®)  Nobs Nback UpperLimit  LowerLimit
SingleLine 1 1 12.8 190 2029 12,95 0
SingleLine 2 0.7 113 23 244 7,7 0

Table 7. 3.Results of the unblinded data evaluation with treppsed cuts for
SingleLinereconstruction.
0 shows the distribution of the zenith angular separation betweenetis end the
Sun’s direction obtained after applying the selection criteria omehith angle, the
minimum number of hits and lines, and the differ€gt of the Table 7. 3. As

remarked previously, in no cut has been observed signal excessSirgjgline

reconstruction strategy.
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Fig 7.16. Differential distribution of the zenith angular segtiony of the event
tracks with respect to the Sun’s direction for eéhgected background
(red line) compared to the data (black asterisl@suRs for BBFit
SingleLinereconstruction.

7.6 Limits obtained for Secluded Dark Matter models

This section includes the plots of the ANTARES limits for tb#&vBmodel in terms
of DM annihilation rates and cross-sections for the two final proddietauon and

neutrino. The plots show the differences between the flbx () and(®,,;) ) limits,

calculated after unblinding the data. They are compared to the \@@asitiNotice
that the limits are above sensitivities in the cas®ualtiLine since the number of

events observed is larger than the expected oneSitgleLing occurs the opposite.
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Fig 7.17. Flux limits for di-muons (top) and neutrinos comiingm di-muon decay
(bottom-left) and coming from mediator decay (bottdght). In gray

color the correspondent flux sensitivities.

7.6.1 Annihilation Rates
Limits of annihilation rates have been obtained through the Equéfid)s(7.4) and
(7.5) where the values of the limits on the di-muon flax_ ), and the neutrino flux

(v,_,) have been considered for each scenario. For better comparison7iri&ig

the ANTARES exclusion limits for the three Secluded DM scesgproducts of
DM annihilation in the Sun through mediators decaying into: di-muons (dash-dotted
blue), neutrinos from di-muons (solid blue), directly into neutrinose(@jeas a

function of the annihilation ratel{) and the decay lengthy¢t ) for all dark matter
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masses analysed are shown. The shadow regions would be excludedforaties.

Depending on the Iand the decay length different regions can be explored.
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Fig 7.18. ANTARES exclusion limits for the three Secluded D&tenarios
(products of DM annihilation in the Sun through rieéors decaying into:
di-muons (dash-dotted blue), neutrinos from di-nsudgolid blue),
directly into neutrinos (Green)) as a function led &nnihilation ratel)
and the decay lengthyat) for three all analysed dark matter masses. The
shadow regions would be excluded for these models

7.6.2 Limits on Cross Sections for SDM

To finalize, the cross section limits are presented and coohpaith other

experiments. The spin-dependent and spin-independent cross sectioddpeitsls

on the annihilation rates and these, in turn, depends on the lifeithe mediator

for the SDM model, as explained in section 7.4. Here, the crossrskatits for the

three cases are presented, for the two lifetime valuesHioh the sensitivities are

the best. Fig 7.19 shows Antares preWiMP crosssection limits for SDM scenario
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(products of DM annihilation in the Sun through mediators decaying intoudirgn
(blue) and directly into neutrinos (Green)) for favourable medid#otine values.

Fig 7.20 shows the limits compared to different experiments oftdieacch for dark
matter in the Sun.
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7. Analysis and results

The limits derived in this thesis are the first experimelitaits to SDM models
established in neutrino telescopes. There were some previous acmnsbr
sensitivities predicted by phenomenology physicists (Meade et al., 2010;e8@tust
al., 2010), but naturally, the knowledge of the response of the detedi kind of
papers is quite limited, and therefore, the results are usuledly teith caution. As

shown in Fig 7.20, for sufficiently long-lived, but not stable, mediators, the imposed

limits to these models are much more restrictive than the dedged in direct
detection searches for the case of spin-dependent interaction. dnotapin-

independent interactions, direct detection search is more compétitilew and

intermediate masses, but this search becomes to be comgetilaeyer masses (>
1 TeV).

Comparing with other indirect detection methods, such as gamma rayiatete
roughly speaking, the limits derived here will be competitive faydadark matter
masses and favorable mediator life tipex ~ 10:* m). However, the comparison is
not easy, since results are usually given in termsoof>< parameter and several
astrophysical assumptions have to be taken. Therefore, it wilkttee bederstood in
terms of complementary information. In that sense, this anatgsistrains in an

alternative way these models that are one of the preferredssltd explain, for

example, the energy of the positron flux measured by AMS-II (Accardo et al., 2014;

M. Aguilar et al., 2014). Although one possible interpretation of this datddwe
the existence of near-by pulsars, quite a lot of papers study thibifitysof a DM
hint. In this line, the annihilation into two mediators that resulfeun leptons (two

di-muons, for example) is much favored that the direct annihilationlemtions

(Boudaud et al., 2014; Cholis & Hooper, 2013; Lopez, Savage, Spolyar, & Adams,

2015).
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Conclusions

The first part of the thesis has been dedicated to the design andpdeset of a
calibrator for the acoustic detection of neutrinos in deep seanmetglescopes. The
parametric acoustic source technique has been tested and disedlyin order to
reach the high directivity of the bipolar pulse maintaining a compastgn.
Pioneering studies of this technique have been carried out heanskeating its
capacity for this application even for the case of cylindrical synynaid transitory
signals. Moreover, taking the advantage of the versatility othlosen transducer,
the functionality of the final calibrator prototype has been expandiedyirsg
working in two operation modes: low and high frequency. In one hand the low-
frequency mode allows the system to deal several acoustieereasks in an
underwater neutrino telescope such as calibration of the receiverssemagse it as
emitter for acoustic positioning purposes. On the other hand the high-frgaqnede
is used for acoustic neutrino detection calibration by generatingtideebipolar
pulses using the parametric technique. Furthermore, a strateggrforming sea

campaigns with the calibrator has been planned and a mechanicalrstrwhich
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makes possible to operate the calibrator from a vessel corgrtile direction of
emission has been developed. A register system to monitor the@posiientation

and emissions during the sea campaign has also been integratedotdtyp@rhas

been successfully tested in low-frequency mode. However, the plaetoeics for

high frequency mode has still to be completed in order to be able to use the compact
calibrator with all functionalities. All this work and resultave been presented in
different ANTARES meetings, Multidark Workshops and internationalezentes
(ARENA, 2010; MARSS, 2011; VLVnT, 2011; ARENA, 2012; CIBRA, 2013;), and
published in refereed journals (Adrian-Martinez et al., 2011; Ardial.e2012a;

Ardid et al., 2012b; Adrian-Martinez et al., 2013a; Adrian-Martinez et al., 2013b).

The second part of the thesis has been dedicated to the analymsAMTARES
data in order to constrain Secluded Dark Matter models. S@dlifithese models
have been tested by the detection of di-muons and/or neutrinos cfrorm@un
direction. In order to know the detector response to the di-muon signalcatdddi
code has been developed for the simulation of di-muon generation fedliator
decay and its detection with ANTARES. In order to avoid biasethe event
selection, a blinding policy has been followed in the analysis choosing the optimum
cuts before looking at the Sun direction, where the signal is exp@&ttedelection
criteria have been chosen to maximize the amount of signal ovesxfiexted
background, i.e. for better flux sensitivity, for a few repnéstive cases. Finally,
since no significant statistical excess has been observed abovexpketed
background in the Sun’s direction, it has been proceed to constramoties. The
limits derived in this thesis are the first experimental agsablished in neutrino
telescopes to SDM models. Through the comparison with other experimdras
been drawn that the imposed limits to these models are much ratrietivee than
the ones derived in direct detection searches for the case-@fegggndent interaction

for a wide range of lifetimes of the meta-stable mediatorase of spin-independent
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Conclusions

interactions, direct detection search is more competitiveoferand intermediate

masses, but this search becomes to be competitive for larger masses (> 1 TeV)

It is worth to mention that SDM models are one of the preferred solutions to explain
some non-completely understood measurements, such as for examiglagthie the
positron-electron ratio spectrum measured by AMS-Il. Although oneilgb®ss
interpretation of this data would be the existence of near-by putpsts a lot of
research works study the possibility of a DM hint. In this line atia@hilation into
two mediators that results in four leptons (two di-muons, for exaniple)uch
favored that the direct annihilation into leptons. Recently, soonsti@ins from
gamma detectors have also been arisen for this explanation and, serke, the
analysis of this thesis constrains it in an alternative and esngpitary way. This
analysis and results have been presented in different ANTARESg® Multidark
Workshops and in RICAP 2014 conference (Adrian-Martinez, RICAP). Mereav

publication in a refereed journal is being prepared.
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LED Light-Emitting Diode

LHC Large Hadron Collider

MAGIC Major Atmospheric Gamma-ray Imaging CherenKalescope
MC Monte Carlo

MLS Maximum Length Sequence

MOSFET Metal Oxide Semiconductor Field Effect Tiater

MRF Model Rejection Factor

MUPAGE  Atmospheric MUons from PArametric formulasfast GEnerator for
neutrino telescopes

NC Neutral Current

NEMO Neutrino Ettore Majorana Observatory

NFW Navarro Frenk White

OMs Optical Modules

ORCA Oscillation Research with Cosmics in the Abyss
OvDE Ocean Noise Detection Experiment

PCI Peripheral Component Interconnect

PIC Peripheral Interface Controller

PMTs Photomultipliers

PSD Power Spectral Density

PWM Pulse Width Modulation

PXI PCI eXtensions for Instrumentation

RF Radio Frequency

RMS Root Mean Square

SAUND Study of Acoustic Ultra-high Neutrino Deteani
SPATS South Pole Acoustic Test Setup

UDP User Datagram Protocol

UHE Ultra High Energy

UpPv Universidad Politécnica de Valencia
VERITAS  Very Energetic Radiation Imaging Telescdpeay System
WIMPs Weakly Interacting Massive Particles
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Annex A

Cut values which minimizes the flux sensitivities for each DM mass ardgtra

Optimun Cuts
Dimuon (MultiLine) Dimuon SingleLing

Yeut Dpiy Yeut q)E.)iz_“ i

my, (TeV) | MRF  Qcut ©)  (km2yr) MRF  Qcut © (kml) yr
10 58E-04 1,8 1,3 3,9E+01 4,3E-02 1,2 1 2,9E+03
5 7,7E-04 1,7 1,4 5,3E+01 49E-02 11 1,9 3,4E+03
1,4E-03 1,7 1,4 9,8E+01 7,3E-02 11 1,9 4,9E+03
1 23E-03 1,6 1,4 1,6E+02 9,6E-02 1 3,2 6,6E+03
0,5 3,4E-03 1,6 1,4 2,3E+02 1,4E-01 1 8,2 9,0E+03
0,2 6,4E-03 1,6 1,6 4,4E+02 1,7E-01 1 9,8 1,2E+04
0,1 29E-02 16 2 2,0E+03 2,3E-01 1 11,1 1,6E+0Q4
0,05 43E-01 1,5 4,1 2,9E+04 4,6E-01 1 12,8 3,1E+04
0,03 3,3E+01 1,5 6,2 2,2E+06 1,5E+00 1 16 1,0E+05

Table 1. Di-muon flux sensitivities obtained using the opiim cuts values of & and

yeut Which minimized thévlodel Rejection Factor
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Optimun Cuts

Dimuon intov(MultiLine)

Dimuon intov (SingleLing

my(TeV) | MRF  Qeu "gg)“t (kr:-;;r-l) MRF Qe "(’53" (kr:-;;r-l)
10 1,3E+03 18 1,3 1,8E+08 36E+04 0,7 82 4,9E+09
5 48E+03 18 14 6,6E+08 96E+04 0,7 872 1,3E+10
2,9E+04 1,4 2,1 3,9E+09 4,2E+05 0,7 8,2 5,7E+10
1,3E+05 14 26 1,8E+10 1,3E+06 0,7 8,7 1,96+11
05 69E+05 14 31 9,6E+10 4,4E+06 0,7 87 6,0E+11
0,2 1,0E+07 14 42 1,4E+12 25E+07 0,7 9.2 3,5E+12
01 1,4E+08 14 46 1,9E+13 1,3E+08 0,7 112  1,7E+13
0,05 99E+09 14 5 1,4E+15 1,6E+09 07 127  22E+l4
0,03 34E+11 13 31 4,6E+16 87E+09 0,9 14,7  12E+I5

Table 2. Neutrino flux sensitivities obtained using the aptim cuts values of & andycut
which minimized thévlodel Rejection Factor

Optimun Cuts

Mediator intov (MultiLine)

Mediator intov (SingleLing

m,(TeV) | MRF Qo "Eg)“t (kr;?;;r_l) MRF Qo "(’g)“‘ (kr:J_;;Vr_l)

10 22E+02 18 13 2,9E+07 95E+03 0,9 56 1,3E+09
6,4E+02 18 14 8,8E+07 2,1E+04 0,7 89 2,9E+09
32E+03 18 14 4,5E+08 71E+04 0,7 87 9,8E+09

1 1,2E+04 14 1,9 1,7E+09 20E+05 0,7 82 2,8E+10

0,5 50E+04 14 23 6,9E+09 6,4E+05 0,7 82 8,9E+10

0,2 39E+05 14 31 5,5E+10 29E+06 0,7 87 4,1E+11

01 23E+06 14 38 3,2E+11 92E+06 0,7 87 1,3E+12

0,05 22E+07 14 47 2,9E+12 33E+07 0,7 99 4,6E+1]2
0,03 1,7E408 14 51 2,4E+13| 98E+07 0,7 114 1 4E+13
Table 3. Neutrino flux sensitivities obtained using the aptim cuts values of & and

weut Which minimized théModel Rejection Factor
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