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Abstract

Even though Cosmic Rays were discovered more than a century ago, the acceleration mech-
anisms of protons and heavier nuclei to ultra high energies still remain unknown. Being
charged they are deflected by magnetic fields so they can not reveal the astrophysical ob-
jects responsible for their acceleration. Nevertheless, at the astrophysical objects where
cosmic rays are accelerated, neutrinos are also produced. Neutrinos, being neutral, are
not deflected by magnetic fields and they are not significantly absorbed by the interstellar
medium, so, when detected, they can point back to their production sites. Neutrino tele-
scopes are being deployed in the sea, in lakes and in the ice of Antarctica. They instrument
large volumes of medium (water or ice) and they detect neutrinos indirectly by detecting
Cherenkov light produced by neutrino-induced charged particles.

KM3NeT is a collaboration building the next generation neutrino telescopes in the
Mediterranean Sea. Currently two detectors are being deployed by KM3NeT; the Oscil-
lation Research with Cosmics in the Abyss - ORCA detector, which aims to study the
fundamental properties of neutrinos as well as the Astroparticle Research with Cosmics
in the Abyss - ARCA telescope. The main science objectives of the ARCA telescope are
the detection of neutrinos from astrophysical sources and the measurement of the diffuse
astrophysical high energy flux. In this thesis a study of the discovery potential of the
KM3NeT/ARCA telescope to the diffuse astrophysical high energy neutrino flux using
High Energy Starting Events (HESE) is presented. The use of HESE comprises a novel
approach for the KM3NeT collaboration.

In Chapter [I] the production mechanisms of Cosmic Rays and astrophysical neutrinos
are described. The detection principle of neutrino telescopes, the background for underwa-
ter neutrino telescopes as well as the major existing neutrino telescopes are presented in
Chapter [2l The KM3NeT collaboration is described in Chapter [3] as well as the KM3NeT
detectors. In Chapter 4 GRBNeT - a project that designed, built and successfully deployed
an autonomous prototype neutrino detector is discussed. In the following chapter (Chapter
the tools used in KM3NeT to perform Monte Carlo simulations of the detector response
to signal and background events as well as the reconstruction tools are detailed. CORSIKA
program, which is the most widely used tool to simulate atmospheric showers, has been
used in order to create a sample of background atmospheric events for the ARCA tele-
scope. These efforts are detailed in Chapter [f] A novel tool, MAMBA rejection, created in
order to select High Energy Starting Track events inside ARCA telescope and reject those
track events that enter the detector, is described in Chapter [7] Moreover a sensitivity and
a discovery potential analysis of ARCA to the diffuse astrophysical high energy neutrino
flux using High Energy Starting Track events is described. Furthermore, a sample of back-
ground atmospheric events simulated with CORSIKA has been used to demonstrate the
power of the self-veto effect (the rejection of atmospheric neutrinos, accompanied by muons
created at the same atmospheric shower, interacting inside the detector by identifying the
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muons entering the detector). In Chapter [§| a tool designed to differentiate shower-like
from track-like events is detailed. Also, an analysis of the discovery potential of ARCA to
the diffuse astrophysical high energy neutrino flux using only shower-like events selected
by that tool is presented. The tools described in the previous chapters are combined in
order to create a sample of High Energy Starting Events as described in Chapter [9] The
discovery potential of ARCA to the diffuse astrophysical high energy neutrino flux using
High Energy Starting Events is presented. ARCA is expected to make a 50 discovery of
the diffuse astrophysical high energy neutrino flux with a probability of 50% and 90% in
less than 0.5 and approximately 0.8 years, respectively, using High Energy Starting Events.



Eicaywym

Ot xoopuxég axtiveg mopatnerdnxay yio TenTn Qopd TELY amd EVoy ouwVaL, UXONd OJWS TOEUJIE-
VOUV QGUPELC Ol TNYES X0 O PNYOVICHOC EMLTEYLVOT) TOUS, BLOTL OXEQALOVTAL IO Ta oY VITLXG.
Tedlol TV YUAAELOY X0 YEVOVTOL Ol TANEOYOopieg OyYETIXd HE TNV Tpoéheuat| Toug. [lapdia autd
OVOPEVETOL OTL OTOL O TROPUCIXA AVTIXELHEVOL OTIOU Ol XOCHIXES OXTIVEG ETUTOYUVOVTOL GE UTER-
vmAiéc evépyeleg mapdyovtal xou vetpivo ulmArc evépyetag. Ta vetpivo Bev €youv niextoind
poptio jie anotéleopa va pnv oxeddlovton and o pary VnTixd media o meldy) ahANAETOE0UY
acVevoe pe v OAN TeoxTxd dev anoppopavTot. H aviyveuorn, howndyv, vetpivo actpopuoinhc
TpoéAeuoNg, NMOPEl Vo amoxaAVPEL Ta ACTEOPUOIXA avTiXElpEVO IOV QUTE ToEdYOVTOL XAl
To omola efvan UTEYTYUVAL YLOL TNV ETUTAYUVOT TWV XOCHXWY OXTIVOV. DUVETWS To VETEIVO
amoTeEA0UY Hovadixolg Gopeic acTpopuotxiic TAnpogoplac. To tnAcoxdmia vetpivo xataoxeud-
Covtan ota Bédn Yahacowy, Apvey 1 otoug Téyous Te AvtapxTixng, xatohapBdvouy Toid
HEYAAOUG OYXOUC o oVt VEDOLY Ta VeTpivo Eppeca, xadmg aviyvebouy Ty axtivooiia Cheren-
kov mou exmépmouy Ta QOPTICPEVH COPATIOW Tal OTOl0L TOEAYOVTOL XAUTA TNV AAANAETIBEUOT TCY
vetpivo e Ty OAN.

To meipoapo KM3NeT xoataoxeudlet aviyveutéc vetpivo véag yewde. Tréd tn oxénrn tou
Teledpatog autol movtiCovton dVo aviyveutég vetpivo ota Bddn tng Meooyelou ddhacoag, o
aviyveutrc Oscillation Research with Cosmics in the Abyss - ORCA tou onolou o x¥plog
EMOTNHIOVIXOS OTOYOG €lvol 1) HEAETT TV BacIXOV CWHATIOXOY WBOTATWY TwV VETE(VO Xal To
TnAeoxomo vetpivo Astroparticle Research with Cosmics in the Abyss - ARCA. Ou x0pto
emotnpovixol otoyol Tou tnheoxomiou ARCA eivon 1 aviyveuorn vetplvo and aoTpopuoixéc
TNYEC xS xou 1) PEAETT TNE BLdyUTNG ACTEOPUOXAC PONE VETEIVO LYNANG evépyelag. XNV
Tapovoa Sloten) TapouctdleTon 1 PEAETN TNG SUVATOTNTOS ovaxdhudng Tne BudyuTng acTeo-
puowic poric vetpivo udnirc evépyetoc pe to tnieoxdmo KM3NeT /ARCA, yenotpomouwdvtag
YeYOVOTA LYNATC EVERYELXG TOU IAANAETOPOVY eVTOC Tou aviyveuth|. H yprion tétoiwy yeyovo-
TV anoTeAEl [lo xouvotopo Tpoceyyior Yo To nelpopo KM3NeT.

H nopoloa dlate3r) anotekeiton amd evvéa xepdiona. Xto Kegpdhowo |1 tapovaidlovton ot
I OVICHOL ETULTEYUVOTC TV XOTHIXMY OXTIVWY Xl T A0 TROPUGIXA OV TIXEIIEVA TTOU AVOPEVETAL
VoL tapdryouv VeTpivo uPnArc evépyelag. Xtnv ouvéyela ato Kegdhato [2] teprypdpeton 1 oy
aviyveuong vetpivo uPninc evépyelog, To uTOPBadpo TV LTOVUAIGOIWY TNAECKOTIWY VETEIVO
%o xon Tor onpovTixdTepa €V Aettoupyion Tnheoxoma vetpivo. To meipopo KM3NeT xou
ot aviyveutég vetpivo ORCA xou ARCA mapouvaidlovtan oto Kegdhato (3 Yto Kegdhowo
TEpLypdpovIoL oL dpacTneloTNTEG Tou gpeuvnTixol épyou GRBNeT ota mhaicia tou omoiou
OYEDLAOTNXE, HATAOKEVACTNAE Xl TOVTICTNAE EMTUY WS AUTOVOHOSC OVLYVEUTAC VETPIVO. Y10
enopevo xepdhato ([5)) mapousidlovton o gpyolela hoyiopixo) Tou yenotponolodvTol 6To Telpa-
po KM3NeT vy tnv npocopolwon tng andxelong tou tnheoxoniov vetpivo ARCA e yeyovota
ofpatog xan unoPdipou. I'al TNV TEOCONOIWOT ATHOGPAUELXWY KATUOVICHOY CWHATIOWY TO
o dadedopévo mpdypappa eivar To tpdypappa CORSIKA to onolo ypnouionol- finxe yia tny
Teocopoinon Yeyovdtwy utoBdieou v to tnheoxémo ARCA. Yto Kegdhato [6] avabovton

iii
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auTég ot SpaoTtneldtntes. Lto Kegpdhato [7] neprypdpetan éva xouvotopo epyoheio, to MAMBA
rejection, To omolo dnoveyNinxe v TV a€lOTIG TN EMAOYT) YEYOVOTWY VETRIVO JIE TNV UT-
oypupr TEOYIdE Tou AAANAETOPOUY €VTOE Tou 6Yxou tou tnieoxorniou ARCA xau yior tnv
TAUTOYEOVY ambpeulm YEYOVOTWY Teoyide mou eoépyovial oe autd. Emiong ava- mtdooe-
Tou 1 peRétn e evanodnolag Touv TRheoxomiov xon TN WaVOTNTAS avaxdALPNS TNS BLdyLTNG
eonc VETpivo UPNATIC EVERYELC 00 TROPUOXTC TEOEAEUCTC, YPNOLHOTOWWMVTOS YEYOVOTA TROYLAC
ToU GAANAETOEOVY Péca 6TOV GyYxo Tou. TENOC YENOIHOTOWWVTUC TPOCOROWWIEVA YEYOVOTA
aTpocQaEY xatouylopoy pe to nedyeappia CORSIKA, xatadewcvieton 1 a&io Tou self-veto
effect, OnAadY) Tng amdpeudng atpoCPAULEIXGY VETRIVO, To oTolol GUVOBEDOVTAL OO ATIOCPUUELXE
oV Tou dnpoueyinxoay oTov (Blo ATHOCPUEIXO XATAOVICHO, Xl T OTold AAANAETLOEOLY
PECU GTOV OYXO TOU UVLYVEUTH AOYW TNG AVIYVEUSTIC TWV ELOERYOPEVWY JILOVIWY. 3TN GUVEYELY,
oto Kegdhowo |8, avantdooeton G po xouvotopog pédodog 1 omolo avamtOyInxe yia Ty
EMAOYT] TWV YEYOVOTWV XATOULYLOROU Xal TOV OLoyWELORG TOUC Omd To YEYOVOTO TEOYLAC.
Enflong avaibeton xou 1 perétn tng mavotntog avaxdiudne tne dSdyutne pofic vetpivo um-
Mg evépYelag aoTpoguolxic Tpoéheuone amd to tnheoxonio ARCA ypnoutomoidvtag pévo
YEYOVOTU XATOUYLOROU ETAEYEVTA JIE TNV Tpoavagpeplelon pédodo. Ta epyahela Tou Tapouctd-
CTNXOV GTO BUO TEONYOVIEVA XEPIANLYL PTOPOLY VO GUVBUAGTOVY JIE ATOTEAECHO TNV ETAOYY
YEYOVOTWY UPNATC EVERYELIC TTOU AAANAETIOROUY Péca 6ToV dyxo Tou Tnheoxomiou ARCA. Xto
Kegdhouo [9] tapoucidleton 1 ev Aoyw avdiuon xodode xa 1 perétn tng avotntag avaxdiudng
g BLdyuTng ponc vetpivo LPNATC eVEpYELNg Ao TPOYUOXAC TPOEAEUGNC amd TO TNAECXOTIOU
ARCA ypnowonowovtag autd ta yeyovota. To tnieoxomo ARCA avopéveton va npofel oe
avaxdAudn pe eninedo onpavixdntog S0 pe mdovoTnTa 50% xou 90% tne ddyutne porc
vetpivo LdmAAc evépyelag aoTpo@uohc Tpoéheuong o Aydtepo and 0.5 yedvia Aettoupylog
xau og mepimou 0.8 Aettoupylag avtioTolywe, yeyovota LlmArc evépyelag Tou OAANAETLOEOVY
péoa otov 6yxo tou. Télog To Kscpdc)\ouo@]omore)\si TNV XATOXAELD A TNG TUPOVGIS OLOUXTOPIXTG
dtateBrc.
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Chapter 1

Koopuxég Axtiveg xou Netplivo
ACTEOPUOLIXNG TTEOEAELCTNG

1.1 Koopweg Axtiveg

1.1.1 Tesvixd

H atpoogopa tng I'ng “BopPoapdiletan” and tcotpominy| g0t POpTIoPEVWY CORATOIWY ToU
ovopdlovtor xoopuxéc axtivee (Cosmic Rays - CR) pe pudné mepinou 1 cwpdrio /em? /s. H
avaxdAu Toug amodideton otov Victor Hess o onolog, o 1912 yenoiponoidvtoc éva agpod-
oTato, napatienoe 6Tt 1) oviouca axtivoBoiio oe Uipoc mepinou 5 km elvon moAlamhdolo auThHS
Tou TopatNee(to oty em@dveln T I'nc. Av xan yvwetlovpe v Onapln TV XOCHIXGY oxTi-
VOV Yol TEQLOGOTERO ATO EVOV ALV, TOPUHEVOUY oXOla ACAUPELS Ol TNYES oL O PNYOVICHOG
EMUTEYUVOTHC TOUC xadWC auTéG oxeddlovTtal amd Tor oty vNTixd Tedior TV YUAAgLOY HE ATOTERE-
Ol VoL YAVETOL 1) TANEOQopla OYETIXA [IE TNV TEOoEAeUcT| Toug. Eivaw mhéov yvwoto ot un-
Gy 0LV TNYES OTO GUITAY IXAVES VOL ETULTOY UVOUY TEWTOVLA X0l BapTEROUS TURTVES GE EVEQYELES
e TAENG TWV 10 GeV, ONAadT| OE EVEQYELES 107 POpEC PEYUADTERES Al AUTEC TTOU PTOEOVY
VoL pTdooLy To tpwtovia atov emtay vty LHC tou CERN. O olyypoveg Yewpleg mpoiénouv
TNV EMLTEYUVOT, XOOHIXWY oXTIVWY LTER-UPNADY EVERYELDY GE eEWTHE eEwYahaElaxd oo TEO-
puoxd avtixelpeva 6mne etvar ol exhdpderc axtivoy v (Gamma Ray Bursts - GRBs) xo o
evepyol yaholioxol muprvee (Active Galactic Nuclei - AGNs), eved ot yahalaxés nnyéc 6mng
oL unepxavoavelc aotépec (Supernovae) ot o UToAelppatd Toug (Supernovae remnants)
OVAPEVETOL VoL ITTOPOVY VoL ETLTOYUVOUY XOCXES OXTIVEC OF EVEQYELES TNG TAENG TWV 106 GeV

[1].
1.1.2 To g@dopa xou v cVUCTACY] TNG XOCHLXYG axTivoPoiiag

To evepyelxd @dopa twv xoomuxov axtivey (Exéva exteivetan mévew and 10 tdelg
peyédouc (Exéva [l apiotepd). H pof twv xoopixmv axtivey propel va tpoceyyilotel e éva
TELTAG VOO BLVAING TNS LOPPTG: % x B~ (apripée owpotidioy oavd povida enupdvelas ovd
poVado ypbvou xat avd povddo evépyelog) 6mou o exVétne tolpver tpée [4l [5]:

e o~ 2.7 v 10 GeV < E < 3 PeV
o a~31ywa3PeV <E <3 EeV

e a~26vy0o3EeV <E (ogauth ty evepyelaxt| teployn n poY| topouctdler xatdheh
amoxornrc - cutoff ota 100 EeV)
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Figure 1.1: H pon) tng kooukng aktvofodiag ovvaptnoel Ttng €vépyeas twy owpuatidiwy.
Ynueidvovtar o1 mepiox€S knee kar ankle. Apiotepd: OAo to evepyeiaxs elpos. Eixova amo
[2]. Ae&id: O petprioes ané dapopetind mepduata oo evepyelaxd elpog ané 10 TeV. Ewéra
ané [3/.

H nepoyh yopniic evépyewac (E < 10 GeV ) xuplopyeitar ond 0 CUVEIGPOES TwV (Pop-
TICPHEVWY CORATIOWY TOU NAlaxo) aVEIOU GUVETOC 1) 01| CWHATOIWY NE TETOLEC EVEPYELEC
oahdler axorovdwvtag tov nAtaxd xOxho. Ou Buo meployéc 6T omoleg aAAdlel o Voo
duvopne yopaxtneiloviar we knee (~ 3PeV) xa ankle (~ 3EeV). Yty Ewdva oe€Ld
OTOU TOEOUGCLACETAL TO EVERYELIXO PACHA TV XOCHIXWOY axTivwv Yo evépyeleg E > 10 TeV
xau 1 pot éyel todamhaotaoTel ne E26 Sionpivovton euxpivéotepa to knee xou ankle.

Ou xoonixéc axtiveg pe evépyelec €wg to knee addd xou peyolltepeg, Yewpolvion OTL
TEOEPYOVTAL ATtO YUAUELOHES TINYES, OTWE OL EXPNEELS UTIEPXALYOPOVEY XAl TOL UTOAEIPOTE TOUC.
Adyw Tou poryvntixol mediov tou N'ohadio pog, ol xoopxég axtiveg nayevovton oe autdv. Ilo
oLYXEXPIIEVAL TP TOVLY IE evépyetee e T8Enc v 101¥eV éyouv axtiva Larmor (yupooxtive)
ouyxplowin e TI¢ SlaoTdoelg TN dhw Tou Fudodio o, eved TewTOVIA JIE EVERYELES TNG TAENG
tov 5 - 10'8eV éyouv axtiva Larmor ouyxplomn pe ™y axtiva Tou T'oho&io poc. Emlong,
TOUEATNEHOELS Ol Vouv OTL 1 GUCTAOT TWV XOCHIXOY OXTIVWY YIVETAL oTadlaxd mo Tholota
oe Bapltepa otouyeior xadde 1 evépyeld toug awédvel and to knee mpog to ankle (Bopltepol
Tupfvee €youv pixpdtepn oxtiva larmor Ly = y-muj /(|q|-B) ). Buvende, extpdron 6t 7
CUVELGPORY TV XOCIIXWY axTivwy mou mpoépyovion amd eEmyohalaxéc mnyéc auidver yio
evépyeleg mou mhnoldlouv meog to ankle xou 6Tl oL xoopXES axTIVEC PE EVEpYELX PEYAUADTER
an6 auth Tou ankle TpogpyovTaL ATOXAELGTIXG OO TETOLEC TNYES.

Y10 @dopo v xoopxody axtivov oty teptoyn utep-udmiic evépyetog (Ultra High En-
ergy Cosmic Rays - UHECRs) petd to ankle, nopatneeiton xatdpht amoxonic evépyelag nepl
ta 100 EeV. Yopgova pe Yewentind poviéha, ot xoopxéc axtiveg e evépyeleg NeYahlTepEg
amd 1019V adnhemdpolv 1e o peTévia Tou [txpoxupatiod uToB&deou (cosmic microwave
background - CMB ) xou tapdyouy éva copatidio A1 1o onolo diaondton ot TdvLa Xon TEWTE-
VIOl 1} VETPOVLOL [IE MXPOTERES EVEQYELES:

p+y—AT =70 +p 1)
pty— At —at+n '
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Adyo e mo téve SLadixactag, 1 omdc TooY ToL PToEoLY Vo Blavicouy TG0 LPNhoEVERYELXES
xoopéc axtivee neplopileton xadde to prixoc péone eleifepnc dadpoprc (Aapfdvovtog uné-
v TV evepyd Blatopnc TG AAANAETBEAONG XoL TNV EVERYELNXY TUXVOTNTO TWV POTOVIWY
ToU JuxpoXUIUTIXOL UToB&Yeou) efvar ~ 50 Mpc vl mpwtévia jie evépyeto 101%V. H bi-
adixaota auTh lvor UTELYUVY VLol TO XATOPAL ATOXOTAG OTNY TEPLOY T UTER-UPMANS eVEpyeLag
TOU QPACHOTOC TWV XOCIXDY axTivey xou ovopdleton 6plo Greisen—Zatsepin-Kuzmin (GZK
limit).

]OS T T T T | T T T T I T T T T I T T T T | T T T T ] T T T T
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o Cosmic Rays (observed)

108
104
108
102

10

101
10-2
10-2
10-4

10-5....I....I....I....I....I...
10 15 20 25

Nuclear Charge Z

LU SR ELLL SRELLL RRIL BEN L ERERLL SRR SRR LI BN Al

Relalive Abundance (Si=100)

ITTEERTIST EERTITY ERETITY AN RPUTT ARRTT T EERTIT EERTTT IS A

LRl

]
9]
%)
o

Figure 1.2: H ovotaon twv otoiyelwv tng Koomkns axtivofodias kar tou nliakol pag
ovotipatos. Eucdva and [6].

H obotaom 1wy otolyeiwy mou anoteholy Ty xoopixt| axTivoBoAla Tapouctdlel OHOLOTNTES
pe outh Tou nhtaxol poc cuothpatoc (Ewdva oM\G €xer 2 Baowée dlagopée [1, 4]. H
TEMTY Blaopd, Tou Bev Elvan axOPo TAHEWS XUTAVONTY, ElVol OTL 1) OYETIXTH TEQIEXTIXOTNTA
oe Tdpoybvo oto nhaxd nag cUoTpa elvar TOAD REYUAUTERT amd quUTHY ToL TapaTneeiton
oTic xoopxég axtiveg. H 8edtepn elvon 6T oL meplexTixdTNTEC TWV OpPddwY oTolyelwy Li,
Be, B xau Sc, Ti, V, Cr, Mn eivar t8&eic peyédoug NeyollTepes OTIC XOOIXES OXTIVEC OE
oyéon pe auth mou mopatnpelton 6To Nhad pag ovotnpa (Eudva[l.2). Ta otouyelo autd dev
EUVOOUVTAL XATA TS BLadXAGIES TNG AoTEIXAC TupnvoouVieong, ohhd TapdyovTol xuplws and
avudpdoets Ypavone Popltepwy nuphvey (xuping C, O xou Fe) xatd tv adknieniSpoor toug
pe Vv pecoooteixfy AN Aol unoloylopol (oyetixd pe tn péon elediepn Swodpopt| Twv
INTEXGOY TUEHVGWY) BEly VoLV 6TL 1 andoTooY TOU TEETEL VoL SLovOGOUY OL INTEXO! TURHVES TIELY
OlloTAoTOOY GTOUC TaEATNEOLHEVOUS YuyaTteixole elvon o) peyollTepn and TIC BlUoTACELS
tou T'odaio poc. Autd amotehel toyupr EVOeln OTL oL XOOPIXES axTIVEG TTaryLOEboVToL antd TO
poryvntxd medio tou IN'ohoadia pag xou diayéovtar oe auToOV.

Yy Ewova TPOLCLALOVTAL Ol POEC TWV BLAPOPWY CGTOLYEIWY amd To OTolal AMOTEAEL-
ToL 1) XOop| oaxTVOPBoMA ¢ cLVAETNOT TN EVERYELNG avd TupYva. XTo évieto dve Ol
TEOVCLALETOL 1) OYECT TOU AOYOU TNG PONC TEWTOVIKY TEOC TN eon TuEXvwy NAlou HE TN
poryvnTie| axopdlor (magnetic rigidity R = p-c/(Z-e) ), and 6mou gaiveton 6Tt 1 cuVEIGQORY
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Figure 1.3: Pon twv otoiyelwy Twy KOOUKOY aKTVoy ws Tpos Tty evépyeaa avd mupnra.
Yo évleto mapovordletar o Aéyos TnG pons mpwToviwy TPoS TN pon TUpHYwy NAlov w§ mPog
™ payvnukn axappia. Eucdva and [3).

TOV TEOTOVIWY EAATTOVETOL XD ALEAVETOL 1) EVERYELX TWV XOCHX®Y oxTivewyv. T tny
HOVTEAOTOINOT TNE PONC TWV XOCXOY oaxTVWY, elval TOAD onpoavTixy 1 eVpecn HoVTEAOL TO
omolo var suvdudler T Tepapotixd dedopéva yior Ty por xdde otouyelou (Eudval[l.3)), vo nept-
YedopeL To evepyEelomd ghopa GAY Tov owpatdley (Exéva [1.1) xou tavtédypove vo Bacileto
xou oty Stopopetiny| Teoéheuon (yohaliuxt| / emyohadloxt|) TwY X0omx®Y axTivwy. AT to
mo emtuynpéva povtéla etvar owto tou Hillas xaw n enéxtoon twv Gaisser, Stanev xou Tilav
[7, 8, ©]. To povtéda autd vrodétouv tpeec (| téooeplc) mhnducpols cwpatdinwy étou oL
dV0 eivan yaha- Eloxhc Tpoéhevong xou o Tpitoc (xou tétaptoc) enyohadiaxhc. Aeydpevol 6Tt
oL YOAoELXEC XOOIUXEC OXTIVEC OL OTIOlEG TPOEPYOVTAL Amd ETULTAYLVOT GE UTOAE(IoTa UTER-
XOVOPAVMY EYOLY XATWPAL ATOXOTNG GTNY EVERYELNXY| TERLOY T} Tou knee xon 6Tl Ol XOOHIXES
oxtiveg e€wyohadlonic TEOEAEUGNC CUVELGPEROLY XURIWE GTNV EVERYELUXT TEQLOY Y| TTOU LEXIVA
an6 to ankle, amaitelton TOLAAYLOTOY €vag axopo TANVUCHOS XOCHIXWY aXTIVWY YoAoElaxhg
npoérevone (Ewodva TIOU TPOERYOVTUL OTO ETUTUYUVTES PIE OLUPOPETIXG YOLUXTNELO TIXAL.
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Telxd To Qacpa TWY XOTIAWOY aXTVKOVY BivETL and T oyéon:

3(4)
s E
o(B) =Y sy B - cap(— ) (1:2)
j=1 v

L

omou o Belxtng 1 avapépeton oTa BLdpopa GTOLYEI TWV XOCHIX®Y axTivwy Tou UToUETEL TO
povtélo, evéd o delxtng j otov mAnduopd. Xtny avagopd [9] avahbovtar tar povtéha xat oL
OLd(POEOL CUVTEAECGTES TNE THO TAVW OYEOTC.
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Figure 1.4: To evepyeiaxo gdopa pons Twv KOOWKWY aKTvoy OTwS Teprypd@etar amé Tn
oxéon ka1 napatnpnoiakd 6edopéva (onpeia). Apiotepd: Or ypapués mapovoidlovr tn
porj kdOe aroryelov tov povtélov (dlpoiopa dAwy twy TAnduoudy kdle otoryeiov). Aeiid:
Or meproxés mapovoidlovr tn ponj tov kdle mAnuopol (ddpoopa SAwy twy otoryeiwy Tou
kdOe mAnBuopov). Eucdva and [I)].

1.1.3 Mnyaviopoi enitdyvvorng cwnatidiny o vPniég evépyeieg

O xprog pryaviopdg emitdyuvong oopatdioy oe VPniéc evépyeleg elvar o pnyoviopog Fermi
meodtne tééne [I]. O pryoviopdc autde Peloxer epappoyh xupinwe o poéc TAdopUTOS TOU
eppavilouv aouVEyELes, OTwe wotxd xVpota (shocks). Tértoleg aouvéyeteg dnpovpyolvtal oe
UTEENYNTIXES POEC, OTIC OUTES OL OTIOIEC CUVOEOVTAL JIE EXPNEELS UTIEPXOULYOQPOVOY ACTERKY 1
o€ Teployég 6mou Ta umoielppoata mou €youv dnpovpyniel and Ttétolec exprgelg 1 amd Toug
evanopelvavteg pulsars oAAnhemdpoly pie TNy pecoaoteixy| UAN. To evepyeiond @dopo tomv
cupatdiny mou €youy emtayuviel and auTd TOV PNV elval €vag VOO BUVOITG.

H emtdyuvorn Fermi mpdytng tédéng ogpeiheton 0TIC GUVEYELC PETWTIXES XPOUCELS CWPATIOIWY
Tou Biépyovtar and v meployh oyuenc acuvéyeac. Onng gaiveta oty Ewndva [1.3], xodide
1 Sartopary ) Slotpéyel o mAdopo (Eixéva[15] a) ta cwportidio otny adatdpanctn neploy ) apod
SiéMdouy amd auty cuyxpoLovton PETKTXE PE TNV EoY| amd TNV Slatapaypévn tAcvpd (Ewdva
c). Ly ouvéyeta, xou apol Beedody oto cloTnia avawopds TNe dtatapayIEVNe TAEUEAS
xwvolvTon Tuyoda pe mavoTnTo Vo SLEAIOLY GTNY ABLATALUX T TERLOY T OTIOU X0l GUYXEOVOVTOL
TOAL PETWTULXA PE TNV POT) TOU TAACHAUTOC (ELxévcxd). To x€pdoc eVEpYELIC TV OWPATIOIWY
oe xdle Siéhevon and Ty datapoyh eivan g 8Eng: AE/E ~ O(U/c). Aedopévou bt xdie
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Figure 1.5: Awtapayrj 1adidetar oe nAdopa. (a) H Satapayni 6wadidetar pe taxvtnta U. H ne-
ploxn amo omov éxer édbea n datapayn éxel mukvoTnta pe, mieon py ka1 Deppoxpacia T, €vd
n adwtdpaxtn mepoyn éxel mukvétnta p1, mieon p1 kar Oeppoxpacia Ti. (b) Or tayvtnres
Tou TAdopatos otig dvo TEPoYEs oto alotnua avapopds tns dwutapaxris. (¢) H tayvtnta
ToU TAdopatos Tng datapayuévns mepioxns oto oUoTnua avagopds Tns adlatdpaktn meplo-
X1S (6mov ta owpatidw kwvolvta yaotikd). (d) H taxUtnta tov tAdopatos tng adatdpaktng
TePIoYNS oto ovoTnua avagopds tns dwutapayuérns mepioxrs (émov ta cwpatide Kwolrta
xaotkd). Ewéva and [10).

owpatido progel vo diéhder mohhéc popéc and v Swtopayh (HE YEWHETEXE ENATTOUHEVN
mdavoTNTO) X0 UTOVETOVTAS OYETIOTIXES T UTNTES TO OLoPopXd EVERYELIXS QPAGHIOL TV
COPATOIY TOL BlAPeYYOLY Elvol OE TENOTN TEOCGEYYLON):

N(E)dE ~ E%dE (1.3)

Emnpboietn adinon tng evépyelag Twv QopTIopéVwY cwpoatdiwy otny meplntwon g
emtdyvvone Fermi mpdtng tdng emtuyydvetow dtav ol 2 mEpLOYEC TOU TAACHATOS €)0UV
PoryvnTnd medior BlapopeTIXAC EVTUONG, HE XAVETN CUVLCTWON GTNY ETLPAVELXL TNG OLUTAUPY NS
xou To Mhextewd medio pe mopdhhnhn cuviotwoa oe auth [1]. Xe outh v nepintwon ta
popTICREVY cwPTiO xoMG BLEPYOVTAL ATO TNV BLUToEAY T, AOYW TV BLAPOPETIXWY UXTIVGDY
Larmor otig duo meployéc, oho¥aivouy o auTy|, CUVETKOS XVOLVTOL EVTOS 1| XAUVETOU NAEX-
TewoU medlovu, xepdilovtag evépyeta.

1.2 Netpivo Actpoguoxn TpogAeuong

1.2.1 Tsvixd

Ta vetplvo elvan Aemtdvia, NAexTed oudETERU Xat OAANAETOPOLY pécw TNng ac¥evols xou
e Boputixic alknhenidpaonc. Yrdpyouv tpla €dn ( “yedoec”) vetpivo, Goec dnhady| xou
Ol OLXOYEVEIEC TWV OTOLYELWOWY CORATOIWY Tou xadiepnpévou tpoTdnou: To VeTpivo Tou
NAEXTEOVIOL Ve, TO VETEIVO TOU Htoviou vy xaL To To veTplvo Tou tow V. ['vwpelloupe ot 7
néla toug elvon onpeTind Hixer) oAAG 11 pndevixn xau €youv Beedel dve opta yior awtr. Tt
Tov AOoYo autd, cuVAlLS oTNY Yedenon TmV AAANAETORACE®Y TV VETEIVO NEAETATOL [1OVO 1)
ac¥evic ahhnhenidoaon xou 1 Baputiny oryvoeito.
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H Omapén twv vetpivo mpotdldnxe mpodtn @opd and tov Pauli to 1930 wote va woylel ot
dudomaon B 1 apyh Slatienong TS opPNS, TNG EVERYELIS Xl TNS OTEOPOPUTHC , Ol OTOIES OO~
Bualovtay Lo TNV Yedpnon g Sdonaong ot dvo mpotdvta. H mpdtn nepapotinn emBefalwon
TNe UmapEng Twv veTpivo cuVERT To 1956 GTay BNHOGIEL TNV To ATOTEAEGHOTA TOU TELRAATOG
“Cowan-Reines neutrino experiment”, émou avtvetpivo (touv nhextpoviov) mou mopdyovtoy
OE TUEMVIXO AVTIOEAC THEN oV VEDUTXAY WE ATOTEAECHA TNS AAANAETIDEACYIC TOUG [IE TEWTOVLAL
XL TNE Toeay WY NG VeTpoviny xou tolltpoviny.

Adyw Tov 1B0THTWwY Toug Ta VETEIVO 1Topoly VoL amoTeAEGoUY povadixols “ayyehiopopous”
xooxng TAnpogopiog. Acdopévou 6T elvon oudétepa Bev oxeddlovton amd Tar oy VTixd tedla
oTo obpmay xal xwouvton ot euleleg Tpoyiég, oe aviideon pe To POPTIOPEVA CWRATIL TNG
x0ooxng oxTvoBohiog. Xuvenmg otav aviyveutolv pmopoly va 8McoUV TANEOPoRIES Yia TO
onpeto mopaywyhc toug. Emmiéov Aoyw Tou 6TL adniemidpolv novo pécw tng acevoig
adnhenidpaone (oryvodvtac Ty Bapdtnta) propody vo Slovicouy eEUEETING NEYHAES OTOC T
oelg 0To cupITAY Ywelc vo artoppogpnioly. Ytny Ewdva [1.6] tapoustdlovto ol anoctdoelc and
Ti¢ onoleg pwToVIN PTdvouy ot I'n cuvapTAcel Tng evépyelag TwV YwToviwy. ATo TNV exxova
ouTY QaiveTon OTL UTEEYOLY TEPLOYEC TOL GUPTAVTOC Amd Tig OTOlES POTOVIN LPNATC evEpyELag
0ev imopolyv va gtdcouy otn I'n Aoyw anoppdgnong, opwe and Tig Bleg teployéc T vetpivo
@pTdvouy aveprmodlota otny I'n.

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

— @A

104
cosmological max of star formation opaque to photons;
10° transparent to neutrinos

10 I nearest blazar
10| .

1 00 -
nearest galaxy

Distance [Mpc]

107

10—2 =
galactic center

103 1 1 1 1 I 1 1 1 1 1
10° 10t 102 f0° 102 10* 106 10° 10 10%

Energy [eV]

Figure 1.6: O1 anootdoe§ and ti§ onole§ pwtorvia ptdvovy otn I'n ovrvaptrioer tng evépyeag

v potoviov. Eikéva and [11).

1.2.2 Mmnyaviopoi napaywyng vetpivo LPNANg evépyelag and acTEO-
QPUOLXNG TNYES

Hoporywyh vetpivo avopévetar and T TNYES Ot omoleg adpdvior emitaydvovTol o UPnAég
evépyelec. Ta vetpivo mapdyoviar xuplte we anoTéheopa dlaoTdoemy NEcoViwY (xuping mo-
viwv) to ontola tapdyovtar and oAAnhemidpdoel; mpwtovimy. Ot onpovtixdtepes elvor ot aAAn-
Aemdpdoelc mpwToviou - Tewtoviou (R muprva):

p+ p (nucleus) — 759 + X (1.4)
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xou TpwToviou - gwtoviou (oyéon(1.1). To mévia pe ) oepd Toug JloTMVTOL:

7T+—>,U,++Z/u

e N 7

0 ’ / / ’
™ =Y dev TYEAYOVTAL VETPLVO, HOVO PLTOVLX

(1.5)

pt = et 4 ve
wo—e +v+ e

Katd tnv adknhenidpaon npwtoviou - tpwtoviou (oyéon[L.4) eivou duvatdv vo dnpovpyndoidyv,
ne uxpdteen miavotnTa, xaovio avti yio movia. To xadvior SlaomovTar xatd x0plo AoYo ot
OV XU VETEIVO 1) O TLOVLL.

Kt = ut +uy, (63.6%)

1.6
Kt =7t 479 (20.7%) (16)

Téhoc and v ahknheniBpoon tpwtoviou - pwtoviou (oyéon OTNY TMERINTWOT TOEAY WY NS
veTpoviou, auTod BlaoTdToL:
n—pt+e +7 (1.7)

‘Onwe avagépinxe xar mo Tdvw, 1 Tapaywyy) VETpivo and mpwtovia cupBaivel xupliwe Aoy
NG OLEOTUOTE THOVIWY. MUVETWS 0 AOYOC YEUOEWY TWV TopdyUEVIWY VETEIVO ViV, iV, OTNV
mnyh mpooeyyilel tov 1:2:0, dnwe @aiveton amd TiC OyEoELS oo autd avapévetan
OTL Ta VETPIVO aoTRoUOLXNG TpoéAeuong @gTdvouy otn I'n pe Adyo yeboewy 1:1:1 Adyw tou
(QOUUVOIEVOU TNG TOAAVTWONG TWV VETEIVO.

1.2.3 ITvdavég aocTtpouLOoXEg TNYES TapAYWYNS VETeivo

[opaywy? vetplvo avapévetal omd TNYES OTIC OTOLES EMTOYUVOVTOL AOPOVLYL, GUVETKOS Ol AOTEO-
pUOLXEC INYES oMo TIC OTOlEC avapéveTon EXTOPTY VETEIVO TowTiovTon JIE TLC TNYES TNE XOOXTG
axtvoPoriog. Ot mnyéc autég xatatdocovtal 6 duo xatnyopieg Tig Yohadloxée xon T e€w-
vohoZLoxéc.

1.2.3.1 Talagiaxég nnyeg

Yrepxouvogpaveic aoTEPES Ko XEALPWTA VTOAE(ppLTAL:

‘Otav évag aotépog peydine pdloc e€avTANoEL TO EVERYELNXA TOU AMOUENNTO, TENELWVEL TNV
“Cof” Tou pe a Yeapatixy éxenin mou ovopdletar €xpnin umepxouvogovols (Supernova
explosion). Katd tnv éxenin auth o actépoc extivdooel to e€wtepnd atpdpata pdlag tou.
H evépyewn mou exhletan oe autée Tic exprielc elvan tne tééng tov 10°! erg. To gouvépevo
Eextvd [IE TNV XATAEEEUGT) TOL TUETVaL Tou SLopxel fiepxd deutepdhenta. To woTtind xpa Tou
onpoupyeiton, yeeldleton HEQIXEC WRES Yiao VoL SLlomepdoel O TNy ExtacT Tou aotépa. Metd and
EXUTOVTAOES ypdVia apy (el va dnploupyelTon To UTOAELIPO VG 1) ETBEAOUVOT) Tou Eextvd PETA
ond yhddec yeoviar [12]. Kotd v éxpnén vrepxatvopavols, oopotidio (xoopxéc axtives)
1mopolv va emitoyuvioly o evépyetec 1éypl xon mepinou 10YeV. Avopévetor 6L mepinou 3
exprielc unepxouvopavev cupfoivouy xdlde awdva otov Fahalo pag. O puindg autdg elvan
OEXETOC YLt VoL EENYNOEL TNV XOCHXESC OXTIVEC YOAXEIAXNC TROEAEUOTC JIE EVEQYELX PEYQL TNV
neptoy” tou knee [3].

Kalde to wotnd xdpa mou onpiovpyRinxe and tnyv €xpnirn UTEEXOUVOPAVOUS OLUTREYEL TNV
necoacTew VAN propel vo dnpovpyndel éva xeAugpwtd undAetppa utepxouvogavols. To uto-
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Aetppato auTd ovopdoTnxay €Tol, BLOTL EXTOUTY| axTivoBoAac Topatneeiton xupiwe amd Ty
TEPLPEPELXL TOU UTOAEIPJIATOC OTIOU TO WOTIXO XUPA AAANAETORE E TNV PECOACTEXT UAN. LTIC
TEPLOYESC QUTEC UTEEYOLY Ol XaTdAANheS Tpolmodéoelc yio emtdyuvorn adpoviny oe uPniéc
EVEPYELEC dpat XOlL YOl TNV TOROYwYT) VETEIVO. LUITANeWPATiXd, CUVATKS 0T XEAUGKTA UTO-
Aetppata v mapatneeiton exmopny| axtivoBoilaug and 1o x€VTpo ToU XENDPOUS, AAAG UTEEY OLY
xan eCoupEaelg OTWS To UTOAeipia Tou Vela pulsar.

ALTAL cLUCTAPATA AXTIVOV X:

Ta SimAd cLCTAPATA AXTEVEOV-X OTOTEAOUVTAL ATO VO CUPTIYES AOTEOPUOIXO AVTIXEIEVO Xou
€val 4oTP0-cLUV0d6. “TAn amd TO dCGTEO TPOOTINTEL GTO CUUTAYES AVTLXELIEVO XU GTIC TEpL-
TTOOELS OV auTH ExEL oTpoYopT oynpatiletar dloxog tpocadénong xadde xat toyupol dvepiot
TAdoRATOS 1 xou Tdaxeg. Xe autd To TERBAANOY aBpdVIo NToEoUY Vo emiTayUVIolY ot LPNAES
EVEQYELEC XA CUVETIC OVOPEVETOL X0l EXTIOHTY| VETEIVO.

To xévipo touv I'oha&ia pog xaw 0 yaragiaxodg dloxog:

To xévtpo tou lNuhoio poc elvon €va amd Tig ev duvdpel Tnyéc veTpivo. Xe autd GUVTEAOLY
t600 N mhav) Unapdn uneppeyédoug pehaviic onrc 6to SgrA*, oo xou 1 Unopdn TANIOEIS
AGTEOPUOLAMY OVTIXELPEVGY, OTWS UTOAEIIIATO UTERPXOULYOQPIVMY XAl LA CUCTARATA AXTIVODV
x minotov autol [I3]. O yohaliaxde dloxoc anotelel enione mdav teptoy) and v onoio
EXTEPTOVTOL VETE(VO. € qUTOV UTHPYEL IEYUAT CUYXEVTPWOT] GXOVNG, 1) OTOl ATOTEAEL GTOYO
YL TO TEOTOVIOL TWV XOCHXWY OXTIVWY, CUVETWS 1) TUEAYwYT VETEIVO ovOPEVETOL amd Tig
OV TIOPAOELS TPWTOVIOL - TEWTOVIOL (TUPAVAL) TWV XOCIXDY axTiVWY JIE T oXOVT).

1.2.3.2 'E&wyoradioxéc nnyeEg

ExAdpdeig axtivov v:

O exhdpdeic axtivoy v (Gamma Ray Bursts - GRBs) eiva ta mo evepyntuixd gouvopeva mou
€y ouv moapatnenvel oto cupnay. ‘Onwe LTOdNAGVEL xat To dvopd Toug, and GRBs napatnpeiton
évtovn exmopnh axtivey Y yiol évo tixpd yeovixd didotnna (amd ms péypl xou weeg). Ty
Exhopdm oxtivev Y propel vo oxoloudnioel extopny| axTivoBoAiag o peyokltepa 1N xUHAToC
Yo peyohitepa ypovixd draotrhpate (afterglow). Ou GRBs xoatatdocovtar oe 500 xotnyopieg
avdloya e TNy didpxeta e Exhapdne. H mpdtn xotnyoplia elvan ol exhdpdeic puixerc didpxetog
(short GRBs) otic émotec 1 éxhopdn Swpxel péypl 8o deutepdrenta. To aotpoPuUod o-
VIXEIEVOL TOU TpoXohoUY auToL Tou eldoug Tic exhdpdec axtivwy v (Tpoyevvitopes), mi-
OTEVETAL OTL EVAL 1) EXENXTIXY| CUYYWVELCT 000 AoTEPWY VETEOVIWY. XT1 O0eUTEEY XoTnyopi
(long GRBs) xatatdocovton ot exhdpeic pe didpxeia and 2 deutepOhento P€YPL Xou HPES. L€
ouTh TNV xatnyopio avixouy N mAstodmeio twv GRBs xo cuvAdng mapatneol- vian évtovo
afterglows. O npoyevvrtopdc Toug moteleton OTL elvan 1) xatdippeuan Toh) Nallxdy Ao TéEPWY
(ouvAdoc pe palec peyahitepee and 30Mg) xou Teptypdpovton and to povtého fireball [14]).
Ov exddpderc oxtivov v anoteholdy 1davixd mep3dAlov 6To omolo adpdvia EmToUVOVTOL OE
UTER-UPNAES EVERYELEC.

Evepyol yalaiaxol ntuprveg

O evepyol yahaliaxol nuphvee (Active Galactic Nuclei - AGNSs) cuvdéovton pe x€vtpo yoho-
&y oo omola Bploxovton uneppeyédelg pedavég onég xou 1 axtivoBoholpevr Loy e propel vo
elvon axdpio xon 1ot YINAdeS popéc PeYolUTEPN amd auTh GAWV TV doTtpwy Tou yahalio [15].
H ewéva mou nopousidlouv ol yoholieg otoug onotoug Beloxovton evepyol yoholiaxol muprveg
(i amhoVotepa evepyol yaha&ieg) propel va Sapépet xatd Toh, xadde oe auToUE EPNEPLEYOVTaL
and yahalleg pe tepdotioug padtohoBolc (pe dlopétpous e TéEng Twyv kpe) oe peydheg amo-
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otdoelg and tar xévtpa TV Yoholidv (tng tééne Twv kpe) péypt o yoholieg 6mov and tov
Tuphva Toug Tapatneeiton eCoupeTind évtovr pn Veppixt| exmtopny) oxtivoBoliog UTo TN pop®t
VOI0U BUVOPNE TOU eXTEVETAL amd Tor padloxdpata €yl xou Tig axtiveg x. Ilopd tig évtoveg
OLPORES GTNY [10pYY) TOUG, €val IOVTEAO ITOREL Vo eptypdibel Ohar Ta €0 TwV EVERYDY Yoho-
Eudv: "TAn mpocpogdton and tny uneppeyEln pehavr onn, oynpatiletoa dloxog mpocalinong
xan Tidaxeg. Ao TV TeEploy | qUTY ToedyETOL EVToV), I Veppiny axTivoBolla. Xe peyahiTepn
ATOOTACT] UTEEYEL TOROG UG GHOVY| X0 VEPT) TTOU XLVOUVTOL [IE DLAPORETIXES ToyUTNTES. Tehxnd
BArEmoupIE BlopopeTXY) “ElXOVA” aVIAOY JIE TNV YWVio UTO TNV ontola TapatneoLE ToV Yoho&la
OTWS POLVETOL XoU TNV ELxéva Ye auto to tepBdiov (dloxog npocadénone, midoxes, xhn)
EXTIPHATAL OTL adpoVIaL emiTayUvovTal o LnAég evépyeleg xan ouvende ol AGNs Yewpolvto
UTOPAPLES TNYES XOCUXDY oXTIVOY Xou Toporywyhg veTeivo.

% SSRQ

. FSRQ ¢
BLLac \ /FRII(NLR(E)

FR I (NLRG)

— Seyfert 2

\ Seyfert 1

QSO

Figure 1.7: To evomoinuévo povtélo mou meprypdgel touvg evepyols yalaéies . Fixéva amd
[16].

Netpivo and xoopxég axtiveg unep-LPNAYc evépyelag

‘Onwe avagpépinxe oto Kepdhowo [1.1.2] to @pdona twv x001xedy oxtivev Tapouctdlel XatohoAL
anoxonhc jie evépyeta Tepl To 100 EeV Adyw tou oplou GZK. Apeon cuvéneia elvan 1 mapory oy
vetplvo omé 11 dildomoon moviky mou Tapdyovio amd T didonact Tou cwpatdiou AT oe
gopTionévo movio xau vetpovio (oyéon [LI). And v Siduaocio outh avopévetor 6Tt T
vetpivo mou mapdyovia éyouy evépyelo mou nropel va uneplel o 1012 GeV.

1.2.4 Aoctpovopio multi-messenger

Yty actpovopia, Tapadoctoxd, NEAETMVING XUTOLL TNYT) OE OLUPOPETIXG THUANL TOU NAEX-
Teopay VK00 Qdcpatog propovoay vo e&oy Yoy SlapopeTind cupnepdopata yia autr. Opwg
Yio ToL EEWTIHG AT TEOPUOINE AVTIXEIEVAL 1) TANEECTERT XATAVONCY| TOUG ITOROUCE VoL ETLTEL-
yVel ouvdudlovtag Tny TANeopopio amd To SlapopeTd Py xVpatog. AvtioTolya, ofpepa, N
TANEEGTERY XATAVONOT) EEWTIXWY 0C TROPUOIXMY VTIXELHEVWY NTopel Vo emitevy Vel ypnotponol-
ovtag Ty dtadéotn mAnpogopia and toapatneRoels J1e SapopeTixole dladdTee (pwTévia, VeTpivo
xou Poputind xopata). Auth 1 tpocéyyion ovopdleton multi-messenger astronomy.
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H mpdhtn emtuylo e multi-messenger astronomy cuvéPn pe TNy TemTN ToEATAENOT CUY-
YWveuong 600 aoTépwy VeTpovimwy and tnv xowompalio Ligo-Virgo xu to tnieoxoémio Fermi,
péow aviyveuone Baputixdv xupdtwv xo otoviov avtictotya [I7]. H xowomnpoiio Ligo-
Virgo aviyveuoe tnv diéheuor Boputixedy xupdtwy xou petd and 1.7s to tnieoxdmio Fermi
ne o opyavo GBM aviyveuce exmonny| axtivoBoliag v mou xataywehinxe wg short GRB.
H aviyvevorn auth nupoddtnoe polixf) Xoapmévior Topathenone Te TEQLOYAS AUTAS omd Oud-
(POPAL TNAEOXOTILOL GE DLAPORETINES TIEPLOYES TOL pdopatog. Me ToV CUCYETIONS TWV PapuTiN®Y
XUPAToVY e Ty Exhapdn oxtivey v emBefoucinxe n péypt téte unddeon (mou Poaoldtay oe
toyupéc evdeilelc) 6Tl oL mpoyevvitopes twv short GRBs elvan 1 ouyywveuon 800 actépwy
VETPOVIWV.

H dedtepn emtuyla tne multi-messenger astronomy cuvéPrn pe Tov cuoyeTiopd vetpivo
umifc evépyetac Tou aviyvelinxe and to tnheoxémo vetpivo IceCube (Kegdhawo [2.3.3)) pe
Yv©o16 blazar o onolog Peloxdtay oe xatdotaon éxhapdne [I8]. H aviyveuon proviou and to
tnAeoxomo vetpivo IceCube, o onolo elye okl peydin mavotnTa vo tponiie and vetpivo
umAc evépyelag, TupoddTNOE évay cuvayepnd o Tnheoxomia pécw tou Gamma-ray Co-
ordinates Network (GCN) [19]. e autd tov cuvayeppd, HETOED GARWY, AMAVTNOOY XoL Ta
tnieoxomio Fermi xow MAGIC to omola eviomiooy atny Teptoy | Tou 0upavo) ToL UTEDBEIXVUE TO
IceCube, tov yvwoto blazar TXS 05064056 vo Beloxeton oe xatdotaon éxiapdne. Metd tnv
TaEATAENOT VETEIVO amd Tov HAMO xou Tov umepxovopovt) 1987A elvon 1 mpdtn emfBefonmpévn
(ne ~ 30) aviyvevon vetpivo and aotpopuoxh tnyY. ‘Apeon cuvéneio ebvor 1 emPBeBaimwon ot
T HOVTEAX TTOU TTROBAETOLY TOUC INYaVIooUE eExToITC axTvoPolac and tov balzar TXS
05064056 mpénet vo epmeptéyouv xou xdmota adpovixry cuviothoa [20]. Eniong, xdmow ond ta
HOVTEN TTOU ERTEQLEYOLY UBPOVIXEC GUVIOTMOOES Kol TEQLYPAPOUY T1) POT| VETEIVO X0l TO NAEX-
TeORAYVNTWO pdopa propel vor uTodetxviouy 6Tt o TXS 05064056 etvon dhhou eidoug evepydg
yoho&iog omd autd mou Yewpoloe 1 aoTpouotx xowvotnTa péyel twea [21].

1.3 Artpoocgpoupixol xatoovicpol

‘Otav o cwpoatidw tng xoopxic oxtvofohion aAANAETIOPO0Y IE Tor NOPLAL TN ATROCPAULQOG
ONpLoVEYOVY BEUTEPOYEVY] COUATIOWL Ta OOl JIE TN OELRd TOUC EITE BLUOTWVTAL ETE GAAN-
AemdpoUY, € amoTéAECHA TNV ONILOVEY A XATAOVIoPAOY and owpotidia (atmospheric showers).
Ano outd, pOVo To OVIOL Xol TA VETEEVO Elvor 0pXETE SLELGOUTIXG WOTE Vo 1TopoUV Vo dlaoyi-
GOV YAOHETEA VEROD, TdYoU 1| Tou 6TEEE0) Prolol TNne I'ng wote va pTdoouy oTic TepLoyEg
omou Beloxovtar Ta tnheoxdma vetpivo. H pedétn autodv twv copatdiony eivor Tohd onpovtixd
YL TELRGRATA OVEY VEUOTIC XOCHXWY VETRIVO, xadw¢ amoTteholy TNy xOplo Ty 7 utoBddpou.

Ta atpoopoupxd pévia dnpoueyoLvTal xuplng and dlaotdoele movioy. To gdopa Toug
extelvetow o€ evépyeleg Tou pnopolv va Eemepdoouy xou to 1 PeV. Metprioeic tne poric tov
ATHOCPUEXOY TLOVILY €Youv Biegay Vel and TOAAY TERAUATA Xl CUVETOS TO QPACHA TOUG
elvar yvwot6. Iho ocuyxexpipévo oty neptoyn LPninc evépyetag (10 TeV énc 1 PeV), g
Tpoopateg peteroelg Tou mewpdpatog IceCube Tic mpooeyyioel mohd xaAd vopog dOvapng pe
exétn —3.76 +£ 0.02 [22]. Eniong n e&dptnon tne pofic toug and tny tolxy| ywvio thnotdlet
ol 7o cos?(9) [M].

Tao atpocpanpixd vetpivo LPNATC EVERYELIS BNILOLVEYOVVTOL UTO BLUPORETLXOUS UMY AVIGHOVC.
Ayvodvtog ta vetpivo nhextpoviou oyetxd yopnhodv evepyeldv (péypt Ay GeV) ota dmowa
HEYGAT CUVELCQORA. EYEL 1) OLACTAOT [LLOVIWY, Ol XVEloL INyavicol Tapaywyhc VETpVO oty
atpoo@aip efvor amd dlaomdoelg Toviky xan xaoviny xadog xan and dwotdoelg BuplTEpnV
cwpatdinv mou mepEyouvv charm 7 bottom quarks. Ta vetpivo mou dnpovpyolvton amd
TOV TPOTO pnyaviopd yapoxtnetlovtoal we “conventional” eved autd mou dnpovpyolvTal and
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Tov 0eUTepo “prompt”. I'evixd avopéveton 6Tl To Qdopa Twv conventional vetpivo pnopel va
Tpocopoiwiel pe vopo dovoune pe extétn —3.7 eved twv prompt pe vopo duvapng pe exdé
—2.7 [5].

Ta conventional atpocpoupxd vetpivo jioviou dnptovpyolvTol T660 ond SLICTECELS TLO-
Viwy 600 xaL and DOTACELS XAOViwY. XTI YAPNAEC EVEQYEIEC MO GNUAVTIXY Elval 1) CUVEL-
0popd TV VETEivo Tou dnoupyinxay and diaondoceic moviny. Kadog opwe 1 evépyela tov
owpatdiwy avZdvet, auidver xou o péoog ypdvos Lofc Toug (Aoyw oyetixioTinhAc xiviong) xou
N THVOTNTA TV TOVIKVY VoL SLICTIUG TOUY EAATTWVETOL, OLOTL aLEdveTon 1) THavOTNTd TOUg VoL
AAANAETOPACOLY PE XATOLO CWPATIOO TNG ATHOCPUEUS. LUVETWS 1) CUVELGPORH TKV VETEIVO
Tou €youv dnpoveY el amd TIC BIUOTACELS TLOVIKY EAATTWOVETAL, dpo AUEAVETAL 1) GUVELC(PORA
AUTOV oL dNpLouEYolVTUL and dloTdoel xaoviwy. Tao conventional atpoocgaipxd vetpivo
NAexTEoviou BNIIoVEYOLYTAL XUElKCS ATO BLACTIACELS POPTIOREVGLY X OUBETEPWY Xaoviwy. H
THovOTNTOL BLACTIOONG POPTICHEVKV HAOVIKY PEGK TV XAVUALOY To OTOLL TOEAYOUY VETE(VO
nhextpoviou oty TeEMx) xatdotoon ebvor Juxpdtepn and 6%, cUVETHS avopéveton OTL 1 con-
ventional po?| aTHOGQPUEXGY VETEIVO NhexTtpoviou Va elvar ToukdyloTtov jio TN peyédoug
MxpoTERN and auTH TwV VeTpivo Joviou. Ta Ta prompt atpocgaipxd vetpivo, Ta poviéha
TEOBAETOLY ToEOLIOLNL TOPAYWYT) VETEIVO NAEXTEOVIOL xal pLoviou.

Adyo Tou eVBLPEROVTOC TOL ToEOLGLAOLY Ta UTHOGHUEXE VETRIVO €youv dnptovpyndet
dtdpopa povtéda (1600 Yewpntixnd 660 xou Novahutixd tou Boociloviol 68 TPOGOIOLOELS) TOL
TEELYPAPOLY TN oY) aTpoGPAULEX®Y VETEIvO. Ta mo dladedopéva xou emTLYNPEVA LOVTEAN TTOU
Teptypopoly Ty conventional por| a&tonolody xou Sedopéva and atpoopatpixd povia (to omofo
OTWS avopEPUNXE Xou TLO TAVK ToEdYovToL IE TOUG (Bloug pnyaviopols) 6mme To poviého
twv Honda et al. [23]. And ta povtéha mou meptypdpouv Ty prompt CUVIOTMOON TWY
oTHOCQAUEIXOY VETEivo, and Tta o Sdedopéva eivor autd twv Enberg et al. [24]. Yty
Ewova Topouctdlovton ot conventional xou prompt poéc atpoo@aleix®y VeTpivo poviou
xaL nAextpoviov cUpgwva jie to povtéda Honda et al. xou Enberg et al. avtictouya. To
TnAeoxomo vetpivo IceCube dev €yet péypl otiyprg aviyveldoel Tny prompt por aToCQPUEIXDY
veTpivo Onme Teptypdgeton and to povtélo autod [25, 25]. Luvénewr avtol frrav i avadedenon
TOU o Tave povtélou [26] 27 28]
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Figure 1.8: Conventional ka1 prompt poés atuoogaipikdy vetpivo poviov kai nAektpoviov
olupwva pe ta povtéda Honda et al ka1 Enberg et al. avtiotoya, ws ouvvdptnon tng evépyeas

TV VeTpivo.
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Chapter 2

TnAeoxomia Netplvo

2.1 Apyn aviyvevong

2.1.1  AXAnhenidpdoelg vetpivo LdnAnc evépyelag ne TNy LAY

Y10 Kegdhowo avapepinxe 1dn OTL To VETEIVO BeV €Y0UV QopTio xal AAANAETLOEOUY [IE TNV
UAN péow tng acdevoig addnienidpaong. T Toug Adyoug autolg, ta vetpivo aviyvebovto
gppeca, xoog 6V elvon BUVATY 1) aviy VEUGT] TV WiV AhAd TWVY TEOIOVTWY TNG AAANAETIBRUCTHC
Toug pe TV UAN. H aval¥tnon vetpivo aoTtpo@uotnic TeoEAEUOTS ETUXEVTROVETAL OE VETEVO
pe evépyelec peyahltepee Twv exatoviddmy GeV (uhnhéc xa unép-uPnhéc evépyelec). e
oUTH TNV EVERYELOXT TEPLOY T Tplo XVt AAANAETBpooNS Elvon Tar oNpavTiXOTEPX (JIE EVERYO
doropt| téZelc peyédoug peyahldtepn omd T UTONOLTA):

e oL alnhemdpdoeic goptiopévou pedpatoc (Charged Current - CC) pe ta quark twv
VouxAgoviny Tng LANG.

e oL ahknhemdpdoeic oudétepou pevpatoc (Neutral Current - NC) pe ta quark towv vou-
xheoviwy Tng UANC.

o 1 aAAnAenidpaon avtivetplvo nhextpoviou jie nhextpdvia Topdyovtag évo prolovio W,

Fevind ot ahANAETUORACELS PORTIOIEVOU Yo OUBETEPOL PEUNATOC Efval AAANAETLOPAOELS OXE-
doone TwV VETPVo. LNV eVERYELXY| TEQLOYT| EVOLUPEPOVTOC TA VETEIVO AAANAETLOPOUY HIE €Vt
a6 o quark Tou adpoviou xou THARO TNG EVEQYELNS Xl TNG OPRHC TOU VETEIVO NETAPERETOL GTO
quark. Xuvenwg, 1 ox€daor Twv VETpiVo oTNV EVEpYELaxT] TEpLoy Y| EVOLapEpovTog eltvar Pordid
avehaotixr oxédoon (Deep Inelastic Scattering - DIS). H evépyela tou petagépetan oto quark,
exh0eTan UTO TNV popen xatonytopol adpovixdy onpotdinv (hadronic cascade). H ntoodtnra
NG EVERYELNG TOU PETAEPETAL amd TO VETEIVO 0To quark xan xatoahiyelL 6Ty TapaywyY| TOU
XATOULYLOPOU ABROVIXDY COPATIOIY TEQLYPAPETUL AMO TNV TUPAHIETEO TNG AVEAACTIXOTNTOC 1)
Bjorken y.

Koatd Tic ahiniemdpdoeig popTtiopévou pelpatog, o vetpivo adAniemidpd pe to quark
éow evéc poptiopévou moloviou W xot 6Ty Tehid xaTdoTuon TopdyYEToL TO AETTOVLO TOU
cuvdéetan pe To vetpivo mou aAAnienidpace. Kotd Tic aAANAETIORACELS OUBETEPOL PEURATOS
T0 vetpivo xot To quark odnhemdpolv péow evéc oudetépou proloviov Z0 xou o vetpivo
oxeddleton. By Ewdva [2.1] napouoidlovton Storypdppota autdy twv aldnhemdpdoeny. Evad
oTo x4t Gpto TNe meptoyfic evigpépovtog (E, < 10 TeV) n evepyde Swatoph) autdv Ty
A NAETLOPACEWY elval ELIEWSC AVEAOYT) TNE EVERYELIC TWY VETEIVO, YIol TNV UTOAOLTY EVERYELAXY)

17
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v [ 7 [

W+ W=

14 Y
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Figure 2.1: AMnAemdpdoeis poptiouévou pevpatos vetpivo (endvw apotepd) Kar ayTvetpivo
(emdvw debid) kar ovdetépov pelpatos (kitw). Omov | = e, p i t. Ewkéva and [29].

neproy (B, > 10 TeV) 7 evepyoéc dotopd efvon avéhoyn tne B3¢ [5, B0, BI] érewe goiveto
XL amd TIC OYEOELS:

O'VCC =55. 10_36 . E0'36cm2 E, > 10TeV

2.1
oN¢ =923.1073¢ . EO30cm? E, > 10TeV 21)

H evepydc diatopt| Twv ahAANAETIORACEWY POPTICHEVOU Xl OUBETEPOU EEVHATOS VETEIVO Xou
avTVETEiVO ¢ ouvdpTnon Tng evépyelag Tou VeTpivo mapoucidlovtal otny Ewdva (opt-
otepd). Adyw tng adEnomng tng evepyol BLTOPAS TV OAANAETUOPACEWY TWV VETEIVO JIE TNV
OAn, 1 mdoavotnTa vetpivo unep-udmic evépyelag va Biaoyloouv Tt I'm elvon moAD puxen,
oLVETKOS 1N avalATNOT VETEIVO HE TETOIEC EVERYEIEC ETXEVTPOVETAUL OE VETE(VO pe optlovTia
oevduvon. Lty Ewxdva (Be&id) mapouotdleton 1 mdavOTNTA TOU €YOLY To VETPIVO VoL
oAdouy and ™ I'n we mpog Ty evépyeld Toug xau To GUVNIETOVO TNE TOAXTS Toug Ywviag. Ev-
OLapépoY ToPOVCLILEL X0 TO TOCOGTO NG EVERYELNS Tou amoTideTton oTa quarks xou SnpLoupyet
XOTOLYLOHO AOPOVIXGDY CWHTIOIWY. TNV ELxévanapoudeSWL N péon T TNE TUEUPETEOU
Bjorken y w¢ ouvdptnon tng evépyelag tou vetpivo. MTiC ahAnAEmOEAOEC VETRIVO YL xou
~ 100 TeV, petagépeton peyahlTepo PEEOC TN EVERYELNS TOU VETEIVO, %atd néco 6po, GTov
XATOUYLOPO ABROVIXGDY COPATOIWY and 0Tl 6TIC aAnAemdpdoelc avtivetpivo. T'a peyaitepeg
evépyeleg N péon avehaoTixotnTa (< y >) elvon (Blor yior veTpivo xan avTtvetpivo xou Telvel oty
T ~ 0.2.

Evo 1 oxédaor vetpivo amd nhextpovia €xel IixpdTeRT EVERYO SLUTOLY| antd TIC AAANAETOEE-
oelg veTpivo pe muprveg, e€aipeon anotelel 1 aAANAETISpooT avTIVETEVO TOU NAexTpoviou e
NexTeovVo Tpog oynpatiopd prnoloviou W™, Autd 1o xavdil alhnhenidpaong ovopdleto
Glashow resonance xadwc npotdinxe and tov Sheldon L. Glashow to 1959, wc pédodoc
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aviyveuone goptiopévwy actodmy prnoloviwy [32]. H evepydc dwtoph authc tne odAnAemni-
Spaone epgavilel péyloto yio avtvetpivo evépyetag 6.3 PeV [30]. v Emévoc (aptotepd)
ToEOLCIALETOL XOU 1) EVERYOS DLUTORY TNS TO vk oAANAenidpaong oe oyéon e TNV EVEpYELX
TOU OVTLVETEIVO.

10—30 .
- NNPDF2 .3
— ¥N CC ‘
103 |---7v cC |
— yN NC \‘
- ----7N NC ‘ -
102} N e

Neutrino Survival Probability

FEPPRE =0 &8
R S I O = N - R -
RRARRRLRRRRARR AR AR ke e

10 100 1000 10* 10° 10° 107
E, (TeV)

Figure 2.2: Apiotepd: Evepyos datoun) twv aAAnAemodpdoewy popTiopuévou kai ouvOéTepou
pelpatog yia vetpivo kar avtivetpivo kar tng aAAnAemidpaons avtivetpivo nAektpoviov pe
nNAextpovio mpos oxnuatiopd proloviov W, o€ oxéon ue tnyv evépyea tov vetpivo. Eucova
ané [29]. Ae&d: H mOavétnta mov éxovr ta vetpivo va BiéAdovy ané tn I'n o€ oxéon pe tny
evépyeld Toug kal To ouvnuitoro Ttng ToAIKNG Touvg ywviag. XTny dvw ypapun) Tov avTiotoryel
o€ kdOe evépyeia éxovr AngUel undyry povo aAAnAemopdoeis popTionévou pelpatog eve aTny
KdTw TOOO AAANAEMOPAOEIS PopTIopévou 600 Kair ovdétepou pevpatos. Netpivo pe oplovtia
oievBuran éxovr cos(0,) = 0 evd pe tievBuron katakdpugn mpog ta ndvw (Siépxovtar and
T0 kévtpo tns I'ng) éxovr cos(0,) = 1. Fudva ané [33]

0_6 T T TTTm T TTTTI T TTTITm T T TTTT] T T 1T T TIIIIII[ T IIIIIIII T IIIIITII T IHIHII T IHI\IIl T TTTTTm
L CC (solid) |
NC (dash
A 04 ( )
>
V
0.2
1 IIHHIl 1 IHIHIl 1 IIIHHl 1 IIIHHl 1 HIIIIIl 1 \IIIIII‘ 1 IIIIIII’ 1 IIIIIH| 1 I\Ill\ll 1 I\llllll L

0
10 1001000 10% 10° 10° 107 10% 10% 10'%10' 10"
E, [GeV]
Figure 2.3: H péon avedaouikétnta (< y >) ya aAdniemdpdoes poptiouévov (ovvexels

VPAURES) Kar 0UOETEPOU (O1aKeEKOUUEVES YPAUUES) pelatos yia veTpivo kKal avTveTpivo, o€
oxéon pe tny evépyea tov vetpivo. Ewkéva and [57).
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2.1.2 Axtiwvofolio Cherenkov xou aviyveuor tng

‘Otav goptiopéva owpatidia (6nwe awtd Tou dnpovpyolvTal and Tic aAMNAETdpdoELS VETpivo
udmiAc evépyetac pie Ty OAN) xvolvTon €co OE X4molo €co PE ToyUTnTa PeYahlTERN and
TNV ToyOTNTA TOU PuTOS 6T0 €GO auTo, mapdyeTal oaxtvoohion Cherenkov. H axtivofBoiia
QUTH EXTEPTETOL OE CUYXEXELIEVT Yovia (6.) oe oyéon pe v Tpoytd TV oupottdiny:

1
B-n
/ _u 7 / z 7 ’ 2 ’
omou B = ¢ xou n o delxtng dLddAhacng Tou HEGOL GTO OTOLO KLVEITOL TO POPTICREVO CWIATIBLO.

Yty Ewova Topovatdleton 1 yopoxtnetotix| Ywvia Cherenkov. H gacpotixd xatovopt
TV PuToVinY Tou TapdyovTon diveton and TN oyéon:

dN o0 - 22« 1
— 1= —— 2.3
dxd\ A2 < B2 n2> (2:3)

6mou Ak To PAX0C XVPOTOC TOU EXTEPTOREVOU QrTOVIOL xou o 1 otadepd tne henthc veric 5.

cos(f.) (2.2)

Figure 2.4: Yxnpatikn areikévion tng mapaywyns axtvofodias Cherenkov vrd tn popen
KoVou, YUpw amd @opTiouévo owpatiolo to omolo Kiveltal o€ péoo ue ovvtedeotn didAaong
n ka1 pe taxvnza fc. Ewéva and [35).

H aviyveuon vetplvo uhninic evépyetag Baolletan otny aviyveuon tng axtivoBoiiag Cherenkov
7 omola dnpovpyeltar and Ta cwpatidw Tou ToedyovTon XaTd TNV AAANAETdpUoT TwY VeTpivo
He TNV UAM), CUVETKC OL AVLYVEUTIXES OLATACES TRETEL VAl AELToupYOUV OE TEQIBAAAOY OXO-
Touc. Emlong, dedopévne tne mohd jxpric evepyol Slatopnc g ohAnAenidpaong twyv vetpivo,
oL oV veLTéS Blatdlele mpénel var xotaAapfdvouy ToAL peydho dyxo. ‘Evag emmpdovetog
TEPLOPLOPOS TROEpYETAL omd ot arTpocaexd toviar (Kepdhawo [1.3), tor omola xadde Biépyov-
Ton péoa amd TNV UAN mopdyouv axtivooiia Cherenkov. H axtivofollor autr unepxaiintel
TO GO OV TOEAYOLY Tol owHoTd Tor omolor Teoépyovial and Tic IAANAETIOPAoEL VETRivO.
[Mot tov Adyo autd oL aviyveutég veTpivo uPnirc evépyelag meémel va “Yopaxilovton” and to
ATIOCPAEIXE. [LOVIAL.

Aappdvovtog umody Tor ToEUmAVE, To TRAEOAOTLA VETEIVO LUPNANC EVEQYELNS XUTAOHEUE-
Covtan ot B&dn tne Vdhacoag (1 Badidy MPVEY) 1 0T XOUTOTERN OTRMHAT TOV TEYWV TNG
Avtopxtixfc xar amotelodvtar and (oYeTd) apoud TOTOVETNREVOUS AV VEUTES PwToS ((Qo-
tonolMamiactoc téc - PhotoMultiplier Tubes 4y PMTs). Ot tonodeaiec autée xohimtouy dhoug
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TOUC TEPLOPLoL0UE Tou Tpoavapépinxay. Xtn Badhd Vdhacoa (A Aipvn 4 ndyo) ixavomoteiton
n anodtnorn Tou améiutou oxotoug. Emlong to ytldépeTpa VEEOU 1 méyou TV ombd Toug
aviy VeuTég amoteholy Ywpdxion and Ta atpocouexd movia. Télog 1 emhoyn tne dudtadng
TOV POTOTOAMATAACLACTOV GTOV Yo Hnopel vo emiteédel Ty adlonoinon peydiou Gyxou
VEEOU 1) T&YOU WG AVLYVEUTIXO OYXO TOU TNAEGXOTIOU VETEIVO.

2.1.3 Toroloyieg yEYOVOTWY

H oxtivoPorion Cherenkov mou napdryeton omd SlopopeTind owpotidlo el SLapopeETIXE TOTOAOYL-
x4 yopoxtnelo Tixd. To povia uhniic evépyelag tmopody va Blavicouy ToAAA YLMOPETEA IECA
07O VERO, TOV TTAYO GAAS 0XOpL XAl GTOV GTEEES PAoLd Tne I'ng mpty ydoouv tny evépyela Toug.
Koo Siépyovton and tnv LA, exnépnovy gwtovia Cherenkov umd yovio ~ 42.5°. Yuvenoe
70 “{yvoc” mou arivouy GTOV ALY VEUTY| €xEL Ypoppxr Totohoyia, 1 omola cuvRlwe avagpépe-
o we (ovixr) teoytd (muonic track B amide track). To Aemtévia taw €youv mopdpola
CURTEPLYORY 1€ To [Ldvie, ahAd €youv TOA) LixpdTepo 1éco ypdvo Lofic (2.9 - 10713 ) xou
TOAU peyallTeeT pdla, cUVET®S €va Aemtovio Taw pe evépyeta ~ 100 TeV Yo diavioel péon
amOCTUON ~ 5 m TELY BloTao TEl, EV( €val AemTOVio Tow pe evépyelo ~ 1 PeV o Suavioel
péon anéotaon ~ 50 m. To nhextpdvia LPNAAC evépyelag Slovbouy TOAD IXEEC AMOCTACELS
%0 YAvouv TNV EVEPYELS TOUC SNILOLRYMYTIC NAEXTPORAYVNTIXOUS XATUYIOROUS ((QoTtévia
vmArc evépyelag Aoy TEdNoNe, T ontola dnpoupyoLy Lebyn niextpoviou tolitpoviou xou o
Srodixaoiec autéc enavohapBdvovton). O dyxog péoa oTov omolo dnuoupyolvtal To cwpaTidla
TOU NAEXTEORAYYNTIXOU xatonytopol pmopel vo npocopotwdel pe xOhvdpo (opooovixd pe
v Sedduvon tou pnTexol cwpatdiov) dtopétpou 10 — 20 cm xar prixouc 5 — 20 m To
onolo au&dvel, xatd TEocEYYlon avdhoya pe Tov Aoydperdpo tne evépyetag mou €yel anotelel
otov xatarytopd [5]. IMapdpow yewpetpind yopaxtnetoté napouotdlouy Xol Ol XoToLYLoHol
ABEOVIXWY COPATOIWY TTou TapdyovTon and Tig ahAnhemdpdoeic vetpivo pe v OAn. To gop-
TIGPEVO CWPATIBLL TOL TaEdYoVTaL TOGO GTOUC NAEXTROPAYYNTIXOUE OGO Xl GTOUG ABEOVIXOUG
xatouytopolg exnépnouy oxtivoBoiioa Cherenkov xon mpaxtixd 6An 1 evépyela oL €YEL AMOTE-
Vel otov xatouytopd (amd 1o unTed cwpotido) petatpéneton o oxtivoBohia. XuvEn®S pe
TNV oviYVEUGT] TOU QWS TOU TORAYETOL OO TOUS XoTatylopols, lvol Suvatog 0 UTOAOYIOHOG
NS eVEPYELIC TOL xotarylopol. Adyw Tng YEWPETElog TOUC ahAd XU TNG GYETIXNC OmOC TUONG
TOV POTOTOAMATAACLIAG TOV TOV TNAECXOTIWY VETEIVO, Ol xaTarylopol propoly vo Yewpndoly
oYEOOV OMUELXES TNYES EXTOUTAC POTOS. MTnv Eixdva ToEoLGLElovTaL oL TOTOAOYIES
HLOVIXNC TEOYIAC X0 XATOUYLOIOU CWHATLOMWY.

PMTs |
p i AS - P
O g\ o @} o C . o} D ~C ’
TS~ Ve N
S \ \
e} o < d | 7 ) \ ol \
- “ \4‘ ‘ C C . -
- Q “ v -~ ~ /, .
- - ‘ —|=
¢) 0] q | . O @) o e} Q © “vo o
1 - \ /
muon | | < \_ cascade /
: o a| fo o o o o 0,1\ o C "*
\n’ N » ~— L - N
Cherenkov cone ) spherical Cherenkov front
o (@] @] @] (@ O @] @] @] @] o (@]

Figure 2.5: H axtivofolia Cherenkov nov napdyetar and pmovio (apiotepd) kai ané kataryiopué
oopatidior (bead). Eudrva and [5)].
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Tonohoyio tpoyide mapouctdlouv Gl Tol [ILOVIA TOU ELCEPYOVTAL OTOV AVLYVEUTY|, Eite
ATHOCPUEXE ElTE [OVIOL Tou €youv dnpoupyniel and oAANAET{BpaoT PopTIoNEéVOU PEURATOS
vetpivo joviou. Xtny meplntwon aAAnhenidpaong @opTiopévou pedpatog VETEVo ploviou 7
omola GUPPALVEL EVTOE TOLU OYXOU TOU OVLYVEUTH|, TOQUTNEOUVTOL TOCO 1) TOTOAOY {0l XA ToUYLo00
(070 onuelo oAAnienidpaons Tou vetpivo) 6oo xau 1 totohoyio tpoytds (starting track).

‘Oleg or alnhemidpdoeic oudétepou pelpatog mopoucidlouv Tomoloyia xatouytopol. H
eVEPYELDL TOU xoTonylopol Bev elvon {om pe TNy eVEPYEld TOU INTEWOV VETEIVO ohAd pE TNV
evépyela mou peTapépinxe and autd oto quark. Enlorng, tonoloyia xatayiopod nopdyouy xo
oL OAANAETUOPAOELC POPTIOPEVOL PEUHATOC VETEIVO TOU MhexTpoviou. Xe auth v mepintmon
N EVERYELL TOU pnTewxoL vetplvo petagépeton oe éva quark mou onpiovpyel Tov adpovixd
XATOUYLOPO X0 OE EVOL NAEXTEOVIO TOU BNILOVEYEL NAEXTOOPOYYNTIXO XUTALYIOHO, GUVETMS OAN
1 eVEPYEL TOU PNTELXOL VETEIVO xoTahyel oToug xatouytopole. Elalpeon propel vo amotehé-
OEL 1) TEQIMTWOT TNG AAANAETUOPACTC POPTICHEVOL PEUPUTOC OVTVETEIVO TOU NAEXTEOVIOU JIE
nhextpovio poc oynuatiopd prnoloviov W~ (Glashow resonance). To prnolovio W™ éyel
mdovétnTo v Staonaotel oe pévio (~ 10% [3]) A va undpZer podvio oty TeEhX xatdoToo
(petd Tic doondoeic aoTadOV EVOLEIECWY CWPATIOIWY), CUVETNOC O QUTEC TIC TEPLTTOOELS
n Tonoloyla mou mopatneeiton eivon eite poévo tpoytd (av 1 alknieniSpoon cupBel extéc Tou
OYXOU TOU OVLYVEUTH X0 TO [LOVIO QTAGEL OTOV oV VEUTY) 1) TOTOAOY{0l XaTarylopo) xat Tpo-
xtc (starting track).

Ou adiniemidpdoelc opTiopévou pelpotog Vetpivo tou Taw efvar duvatdv vo Taedyouy
TLO TOAUTAOXES TOTOAOYIEC oV TO Tow €yel PEYIAN evépyeta. Autd oupPaivel Aoyw TwV O
APOPETIXV XAVUALWY OldoTaone Tou owpotidtou. To Tau dlaondton og povio, vetplivo Ttou
Tow xou ovTVeTpivo tou poviou pe mdavétnto ~ 17%, ondte mopouctdlel Tonohoyia tpo-
x\é< (elte tomohoyla starting track av to onpelo ahhnhenibpoon tou vetpivo Peioxeton evtog
TOL GYXOU TOU OVLYVEUTY)). XTIC UTOAOLTES TEQITTOOELS (elTe Sloomdtan Aentovind e nhex-
TpGVIO xou BVO VETRIVO ElTE Bloomdton adpovind) To amoTéAeopo eivor XATonYIoRoS GOPATOWY.
YUVETWS OE AUTEC TIG TEQITTWOOELS 1) TOToAOYIa TNG AAANAETIOEAOTG POPTIOPEVOU PELIATOS
VETPIVO Tou Taw elvar Buo xotarytopol Tou 1 AndCTACT) TOUG ECUPTATAUL AN TNV EVEQYELX TOU
Tow.  ‘Onwg HoN avagépinxe, v Aemtovio tow Jie evépyelo ~ 100TeV propel va dwvioet
HeEpWd PETEa TELY OLUOTAUOTEL, HE AMOTEAECHA Ol BUO XAToUYLo|OL Vo PNy etvor Blaxettol ohAd
VoL TpOGOoPoWE oY HIE €V XUTAUYICRO. TNV TERLTTOON TOU TO Tow EYEL PEYUAUTERY EVERYELQ,
1 OSLoXELTIXY IXAVOTNTA TOU TNAEOXOTOL EIVOL LXAVY] (OOTE VoL XATAYPAPoUY w¢ BUO BlapopE-
wxol xotorytopol. H tonoloyla tétoiwy yeyovotwy Aéyetouw “double bang”. Ytov Ilivoxo
TapaTliEVToNL GUVOTTIXG Ol TOTOAOYIEC TTOU TAPOUGLALOLY OL BLUPORETIXES AAANAETORACELS
veTplvo.

] oAnhenidpaon vetpivo H Tomoloyla ‘
NC 6ha ta vetpivo HAUTAUYLOPOC
CCv, &7, Teoyd 1) starting track
CC v, HAUTAUYLOPOC
CC v xoTarylopoc, tpoyld (jxed mocootéd tou Glashow resonance)
CCrv, &7y xatarylopoc (xupinc), tpoytd 1 starting track, double bang
ATHOCQAULEIXE. [LOVIXL TEOYL4

Table 2.1: AAMnAemopdoes vetpivo kar 1) toroloyia mov napovowdlovy. Katayxpnotikd otov
tivaka mapovoidlovtal kal Ta atpoopaipkd [ovia.
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2.2 TYTroBadpo orjpatog o uToVAAACTLA TNAECOKOTILA VETRIVO

H onpavtixdtepn mnyy umofBddeou yio tor TnAeoxomior VETRIVO elval Tot oTHOGHOUEIXS. [LOVLoL
xan Toe atpoo@atpxd vetpivo. ‘Oneg Hom avapépdnxe oto xepdiono QUTE TUEAYOVTOL OTAY
copatidr TS xoopxig oxTvoBohiog aAANAEmdEo0Y HE T PNOPLL TNG ATHOCPUEOC. DTNV
Ewéva TOPOUGLALETOL 1) pOT| ATROCPAUEIXWY Hioviwy (o€ 800 dlapopeTind Loodivopia BN
vEpOL) xou VETPIVO (JIE BlapopeTind eVepyelaxd EVPOC) WS CUVAEETNOY TOLU CUVAULTOVOL TNG
Tohxng ywviag. Eve 1 por twv atpoogoupxav poviwy eivar tééelg peyédoug peyahitepn
OmO QUTYH TWV ATHOCQPUEXGY VETEiVO, Ta povia dev pmopolv va Swmepdoouy tny I'n, pe
ATOTEAEGHAL VOL PTAVOLY GTOV AVLY VEUTH 1OV e %o 0odLxé Bleudivoelg evey Ta VETpivo @pTdvouy
OTOV VLY VEUTYH anmd OAeg Tic dleuvdivoelc. H ouviing pédodog amdppudne tou unofdieou
TOV ATHOCYUE®Y [oViwy elvol 1 EMAOYT YEYOVOTWY TOU EITE €y0uv avodXr TEoyid €lTe
oAMNhemdpolY péoca 6Tov aviyveuth. ‘Ocov agopd oTa aviyveLUEVTa VETEIVO, BEV UTAEYEL
TEOTOC BlaywELoROL NG TEOEAEUCHS TOUS (aTpocpaipixn 1) aoTeo@uotxy) xaL Yol ToV AOYo
oUTO, OTA TERGRATO OVEYVEUGTG AOTEOPUOIXADY VETEIVO T aTpocpouexd yapoxtneilovTal wg
undBodpo mou dev propet va ehattwdel (irreducible background). IMapdho autd, dnwe @aiveton
otnv Ewdva 6mou mapouctdlovTol 1) POT| TWV ATHOCPAULEIXGY VETEivo (conventional xou
prompt) xou 1 SWdyUTn POH TWV KOTEPOPUOMDY VETEIVO GTwe aviyvelinxe and to melpopa
IceCube [36], otnv neproyy| udmhAc evépyELag 1) GUVELGQORE TV ATHOCPUEXGY VETEVO elval
TOAD [LXQT] X0l CUVETMS O oUTH TNV EVERYELOXY| TEpLoy N elvan xuplopyn 1 CLUVELC(POE amd
vetpivo aoTpouoxic Tpoéheuong. Evd howndy dev elvon SuvaTdC 0 BlaywEloPOg TOU GHIATOG
(aoTpoPUOXS VETEIVO) amd To uTdBadpo (atpooouupxd vetpivo) Yo xdie aviyveudéy yeyovoc,
elvon BuvaTh 1 PEAETN TNg Bidyutng pong vetpivo eotidlovtag otny eptoy ) LYNAng evépyelag.
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Figure 2.6: Porj atpoopaipikdy poviowy e 10odUvapa fdon vepol 1680m (pe pmAe) kar 3880m
(€ xoKKkivo) ka1 vetpivo pe evépyeies E, > 100 GeV (ue pavpo) ka1 E, > 1 TeV (ue kéxkivo)
w§ ovvdptnon tov ovvnutévov tng mohikris ywviag. Ewkéva and [57].

Mo ta utododdoola Tnheoxdma, TNyY onTixol YoplBou amoteholy oL padlevepYES BlaoTd-
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oeic Tou 0K, To 40K eivor éva padievepyd 1o6tomo Tou xaklou, ne ypévo nmulohec ~ 1.3 - 10°
YOV, TOU UTIGPYEL UOIXE 670 Yohaoowd vepd ot Juxpéc mocbtntee. To 0K Buomdto eite
péow tne ddomaone B elte Aoyw npdoindne nhextpoviou [35]:

O 5 00q+e  +7, B.R. ~89.3%

2.4
Vg t+em = YAr+v, 49 BR.~10.7% 24

Kotd tnv Sdonaon B 1o nhextpdvio mou mopdyeton, cuvAlwe €xel evépyela txavy OOTE Vo
nopdryer oxtivoPBorior Cherenkov[38]. Emmiéov to gotévio (oxtiva y) mou mopdyeton xatd tny
TedoAndm nhextpoviouv pnopel vo oxeBAoEL NAEXTEOVIOL GE UPNAES EVEPYELES XOVEL VoL TToRd-
youv oxtivoBoiio Cherenkov. H axtivofolla auty) exmépnetar tuyaio oto Yohacovd vepd xau
GLVETWS anoTeAel omTind Yopufo.

Mia axdpa mnyn otog ota peydia Yokdootio féin mou tovtiCovton to Tnheoxdma veTpivo
mpoépyeton and Lwvtavolg opyoviopols. To gauvépevo autd ovopdleton Brogwtadyto. Ot
Tohpol pwTOC ToL TUEdyYouv oL utoVaAdcalol opyavicpol ol omofol BeloxovTon ota Bddn ev-
dlapépovtog, Towihouv téco oe évtaot 6co xau o ddpxeta. o mopdderypo tor Boxthpia
oLV WS TEdYoLY GTaEEOUE TUAIOUE BDIAEXELIS WEWY, EVK NEYUADTEQOL OPYAVIGHO! THEAYOLY
évtovn extopny| Bpoyéwv toApdy didpxelac devteporéntov [35)139]. H évtaon tou gouvopévou
¢ Progwtadylag dlagépel and enoy) o Enoy T dhAd XaL ATd TEPLOYT OE TEQLOYT).

2.3 To onpaviixodtepa ev Asttovpyia TnAeoxonia vetpivo

2.3.1 Iovtopwxy) avadpony

H xataoxeur) tnheoxonioyv vetpivo Eexivnoe to 1976 pie to “Deep Underwater Muon And Neu-
trino Detector” (DUMAND) project [40] to onolo eiye w¢ otdyo v xataoxeur; unodardo-
otou Tnheoxoniou vetpivo otov Eionvixd Qxeavo ota avorytd tne viioou Xofdrn. Axololinoe
o aviyveuthc NT200 otnv Alpvn Boixdin (Pwoia), n onola elvon 1 peyolbtepn xou 1 Poditeen
Apvn otov xocpo. To melpapo otn Alpvn Boixdhn cuveylleton péypl xon ohHHERA, O apyixdg
vty veuTrc €yetl avaBodiotel xou 1 xotaoxeur| evoc abyypovou Tnheoxoniov vetpivo Beloxeto
oe e&énén [1]. Xuvéyewr ota tnheoxdmo vetpivo €dwoe To melpapor “Antarctic Muon And
Neutrino Detector Array” (AMANDA) [42] o énowo tonodetidnxe otoug ndyouc tne Avtop-
xtxhc. Tmv oxutdhn oty xataoxeur) TnAeoxoniny vetpivo mree 1 Evpodnn mou giholévnoe
ot Meoodyeto Odhacoco tpia projects ylor TNV xataoxeu; TRAeoxominy vetpivo: to “Neutrino
Extended Submarine Telescope with Oceanographic Research” (NESTOR) Project otnv
EXhddo [43], to NEMO oty Itoio [44] o to “Astronomy with a Neutrino Telescope and
Abyss environmental RESearch” (ANTARES) otnv F'odkia [45].

2.3.2 ANTARES

To tnieoxdmo vetpivo ANTARES anoteheiton amd 12 ypappixéc cuoTtolyleg oviyVELTOY To-
viiopéveg ot Yahdoota meployn ~ 40 km votio tng Toulon, oe Yardooio Bddoc 2475 m. Xe
xdde ouatolyla prhogevolvton 75 omtixd otolyela, opyovwpéva oe 25 “opbdpouc” pe 3 onTixd
otoyeio otov xadéva, pe mpocavatoMopd 45° mpog ta xdtw. Kdde ontixd otouyeio mepl-
€yel €va pwtonolamhactacty| dapéteou 10 wvtowyv. O cuvolixdg dyxog Tou Trnheoxomniou
elvoar ~ 0.01 km3. Stnv Exéva TUPOUCLALETOL GYNHUATIXY ATEXOVLOT TOU TNAECOXOTIOL.
To tnieoxomo ANTARES tédnxe oe Aettoupyia tov Mdio tou 2008 xan €xtote GUAREYEL
dedopéva, eved 1 hettoupyior Tou avapéveton vo otapoatioel epl to 2020 [46) 47, [48]. To
mieoxomo vetpivo ANTARES éyel évo mAoUoLo eMOTNHOVIXG TROYQRUPPO TOU, EXTOC TWV



2.3. TA YXHMANTIKOTEPA EN AEITOTYPI'ITA THAEXKOIIIA NETPINO 25

GV, TepthapPdver avalATNoT ONPEIXWOY TNYOY EXTOPTNS VETEIVO, HEAETN TG OLdyutng
eofc veTpivo aoTpoguoxy TpoéAeucne xal TedYpeappo multi-messenger actpovoplouc. Ilopdia
oUTY, AOY® TOU HXPOL TOU OYXO0U, BEV EXEL TNV amopalTnTr cuonoUnoia Yoo TNV PEAETT VeTpivo
XOCIXNC TEOEAEUOTC, AAAG EYEL VETEL GV OPLo GTIC AVUHEVOHIEVES POEC VETELVO Al ONUELUNES
Ao TEOYUOIXES TNYES, antd To %E€vTpo Tou Iohadia pog.

L12

IL07

unctioy’ Box

~180m

Figure 2.7: Yxnuatiknj areucdévion tov tnieokoriov vetpivo ANTARES. Ewdéva and [£9).

2.3.3 IceCube

To tnheoxdmo vetpivo IceCube, mou amotekel ny avaBddpion tou AMANDA, etvon to peyald-
Tepo v Aettoupyio Tnheoxdmo vetpivo. Bploxeton oty AvtapxTing xou 1 xoTooXELY| TOU
ohoxhneddnxe to 2010 [50, 5I]. To IceCube amoteheiton and 86 ypouppxéc cuoTtotyieg
vy VEUTOY xou xartahapfBéver dyxo 1 km?. Kdde ypoppud ouotowyia éyel Ghog ~ 2.5 km xon
oto teheutaio ~ 1 km Beloxovto 60 dmgroxd ontixd cToiyela, Tou SlordéTouy €vay QKOTOTOM-
Aomhaotao T Stopiéteou 10 wvtodv, ot andotaon ~ 17 m petald toug [52]. O 80 ypappuxée
ocuotolyleg améyouv mepimou 125 m 71 xde pio omd TIC YeELTOVIXOTERES OE aUTH, EVL 6 Tou
Beloxovton 670 %E€VTpo TOu aviyVeuTy| Beploxovion To xovTtd 1 jiiot 0TV dhAN xaL AmoTEAOLY
v odtagn Deep Core. Xtnv emgdvelor TV Tdywy mdve and To Tnheoxomio Bploxeton 1) Sud-
tagn IceTop n omolo anotehelton and 324 Pnproaxd ontxd otolyeio. Lxonde tou IceTop etvan
N HEAETN TWV ATHOCQOUELXMY XOTAUYIOHOV OARG XoL 1) CUGYETION TOUC JIE ToL OEBOPEVA TTOU
CUAMEYOVTAL amtd To Theoxdmo. Lty Ewdva TOEOVGIALETOL CYNPATIXY| ATEUOVIOT] TOU
tnAeoxomiou vetpivo IceCube.

To IceCube eivar to mpdTo TnAeondmO veTplvo mou aviyveuoe VETpivo acTEOQUOIXHC
Tpoélevonc. Amd Gedopéva Tou avTIoTOLYOLUV O ypowxn dudpxelo aviyveuone 7.5 ypdvwy
BegOnxav 103 yeyovota vetpivo uPnifc evépyelog (6mou 1 evépyela mou omoTéOnxe oTov
avtyveuty| ebvan peyolUtepn and 60 TeV) to onoior odAnienidpacoay 11€oo GTOV oV VEUTH.
Ta yeyovota autd nopouctdlovion otny Ewxdva xan exTipdron 6T 75% amd autd ebvon
aotpoguoxic tpoéhevone [53]. Me Bdon tn cuyxexpipévn emhoyy YEYOVOT®Y, 0AAG XaL OE
Oelypoto YEYOVOTWY emAeYREVa e dhhec pedodoug, to IceCube perétnoe tn Sudyutn eon
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VETPIVO a6 TPOPUOINAC TPOEAEUOTC ahhd Xou TNV pON aTpocPaEe®Y veTpivo (conventional xau
prompt) [53, B4, (5L (6, 25, 57]. Evac dhhoc emotnpovixde otdyoc tou IceCube oyetileton
He Ty aviyveuor vetpivo Tou taw xou Ty Sudyutn pot| autev tov vetpivo [B4]. Télog, dnwg
avapépdnre oto xepdhao [1.2.4] évo onpavtxé Ppa otnv actpovopia vetpivo éyive pe
cLoYETIoN VETEIVO Tou avtyvellnxe amd to IceCube pe tov blazar TXS 0506+056.
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Figure 2.8: Yynuatikrj arewdévion tov tnieokoniov vetpivo IceCube. Ewérva and [52).
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Chapter 3

To Ilelpopoe KM3NeT

3.1 Tesvix&

To melpoapo KM3NeT €yel w¢ 0TOY0 TNV XATAGKELY] AVLYVEUTWY VETEIVO VEUG YEVIAC XOoU
Vv tovTon toug ota Bddn tng Meooyelou. Tov Ampihio tou 2019 oto melpapo KM3NeT
ovppetelyav 53 epeuvnuixnd Wplpato xou tavemotApa and 17 ydpeec oe 4 nreipouc (Ewdva
[58]. Teewc tonoveoiec ot Meobyeto Odhacoo €youv emheyel and to nelpapior yior TV
TOVTION TV aviyveutxay dtdlewy (Eudva [3.1). H mpat, KM3NeT-Fr, Boloxeta nepinou
40 km véta e Toulon (Takhior) xou to Yakdooio Bddoc elvon mepinov 2450 m. O mopdxtiog
oTadpog oUAAOYNG GEBOPEVKDV XL EAEYYOoL Tou aviyveuTh| Bploxetan oTo woTitovto Michel
Pacha otnv nohn La Seyne sur Mer. H 6eitepn, KM3NeT-It, Beloxeton mepinrou 100 km
votoavotohxd tou Portopalo di Capo Passero (Xuxehia, Itokia) émou Beloxeton o o mopd-
%TL0¢ OToIOC GUAROYTC BEGOEVLY Xal EAEYYOL TOU avlyVELTY) xat To VYaAdooto Bddog etvou
nepimou 3500 m. Téhog, 1 teitn, KM3NeT-Gr, Peioxeton otnv Yordoota meployr| avorytd
e [Tohov (EMNEDa) o€ andotaon Aiywy Sexddwy ythopétpwy and v Enpd. Xtny Yardoota
neptoy?| tne Iviou undpyouv Badineda pe Bain mou xupatvovton and 3000 m péypel xan Téve
om6 4500 m. Emmiéov undpyel mapdxtiog otatidoc cuAhoYTc Se00EVLDY XaL EAEYYOU TOU
oV VELTH 0 omolog Opwe yeeldleTton avaBddion TOGO TOV NAEXTEIXWY OGO oL TWY UTOAO-
Yoy tou ovotnpdTwv[s8]. Kovtd oty tonodesio KM3NeT-Fr Aettoupyei to tnheoxdmio
vetpivo ANTARES[59] evéy otic tonodeolec KM3NeT-It xouw KM3NeT-Gr Aettovpyoloay ta
newpdpoto NEMO xow NESTOR[G0] avtictoryo. Ot QUotxée, YEWPUOIXES Xal OXEAVOYRUPIXES
WBOTATES XU TV TEUOY ToTodeotwy Exouv peretniel Aentopepwc[39]. Enionc otic ev Moy
TEPLOYEC TO VERO €YEL XUAEC OTTIXEG WOLOTNTES, YapnAd enineda ProguwTtadyetag, to Yakdoota
EEVPOTA €Y0UV YOPNAES TayOTNTES xou 0 PLUNOS emxdinone WhHRATOC o LTOVUANACLAL OV TL-
xelpeva (sedimentation) efvan yopnhoc[61l [39].

Tro v oxénn tou mepdpoatoc KM3NeT xatooxevdlovton 2 oviyveutég vetpivo. O
aviyveutrg vetpivo ORCA - Oscillation Research with Cosmics in the Abyss xou to tnAeoxo-
mo vetpivo udminc evépyelac ARCA - Astroparticle Research with Cosmics in the Abyss. O
aviyveutric ORCA movtiletan otn F'odhla tonodeoia eved to tnheoxomo ARCA otny Itdho.
Eve xon ot 8uo aviyveutég ypnotomololy Ty (Bl Teyvoloyia, 1 S1dtad)| ToUC GTOV YWeo Elvor
OLUPOPETLXY| OLOTL GTOYEVOUY GTNY AVl VEUST) VETEIVO JIE DLAPORETING EVERYELIXNO €0POC.

27
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Cities and Sites of KM3NeT 4

Figure 3.1: Or modeig mov gilo&evoly Epevvnuicd Ioppata n Ilavemotrjma mov ouppetéyovy
oto neipapa KM3NeT tov Anpilio tov 2019 (dompo) ka1 n 0éon twv tpidhy tomodeoddy névti-

ong twr aviyvevtdy (kitpwo)[58].

3.2 To ¢noproxd ontixd octovyeio (DOM) tou mepdpotog
KM3NeT

3.2.1 Tevixd

To xovotdpo Ynproxd ontixd otoryeio (Digital Optical Module - DOM) tou nepdpartog
KM3NeT rapoucidleton otny Eudva xou TepLéyel 31 pwtonolanhaotaotés (PhotoMul-
tiplier Tubes - PMTs) pe dudpetpo gwtoxadodou 3 ivroee [61] 62 [63]. H cuvolixr empdvero
TV Qutoxatddny Twv PMT ce xde DOM eivar nepinou 3 @opéc peyohltepn and auth Tov
oty otolyelwy pe éva PMT Swgpétpou 10 vTooy TpoyevESTERKY TERURATWY aviyVEUCTC
vetpivo 6w ta mepdpata ANATRES [64] xow ICECUBE[GS]. Ov 31 gotonolaniaot-
a0 TEG €lval XATAVEPRTIEVOL ETOL WOTE VoL ETUTUYYAVETOL LOOTEOTUXT| Ywviaxh xdiudr. Emlong
ETMTUY Y AVETOL EUXONOTERY PETENOT TV PWTOVIWY Tou aviyvevovtal and To DOM oe oyéon e
ontxd otouyeta pe éva PMT peyaiitepng Siopétpou, xoddg pior TemdTh oY) TeocEy Yo Tou
aptdpod Twv aviyveLlEviwy guToviny eivon anhog 1 pétenon Twv PMT mou aviyveucav gwc.
TEAOC YENOIHOTOLOVTOS YPOVIXES CUOYETIOELS PETUED TWV AV VELDEVTOVY PWTOVIKY amd Toug
PMT eivan Suvath 1 andppubn tou ontixol YoplBou ané Ttic padievepyée daomdoeic Tou 40K.

3.2.2 Tua Baowxdtepa dopxd otolyesia tou DOM

Toa DOM tou rmepdpoatoc KM3NeT €youv oyediactel €10l woTe Vo avtéyouy oTig cuVITXES
Tleong mou emixpatoly oTa peydha Yahdooio Badn étou movtiCovto o aviyveutric ORCA o
o tAeoxomo ARCA. T autév tov Adyo 1o DOM amotekeitan e€wtepind and Boptomupitixn
yudhvn ogaipa Stopéteou 17 tvtomy xat téyouc 14mm (Vitrovex). H ogoipa oynpatileton pe
TNV EvewoT) 6Vo No@atplwy xan TapéyEel txavy avtoyn Yl TEcelg TovAdyloTtov 400bar. Eniong
1 amoppdYnom PuTde oo pixn xOpatog evilopépovtog (A > 350 nm) eivon pxpdtepn and 5%.
Yty Ewova ToEOLGIALOVTOL ToL ONIOVTIXOTERO DOIIXA GTOLYElN oo To OTOloL AMOTEAEITOL
10 DOM. To dvw npogaiplo tng yudhivng ogaipoc emonpaiveton we B.

Arné toug 31 PMT ot 12 Beloxovion 610 dve npiogaipto eve ol utohoimol 19 oto xdtw. Ot
PMT tonodetobvton oTic €60)€C £vOQ €18 xaTaoxevaciévou Thatotou othpEnc. To mhaioto
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Figure 3.2: To yngiaxé ontiké otoiyeio tov nepdpatos KM3NeT.

oUTO OmOTEAEITOL amd 2 THAROTA €V YIol TO GVe Xol VoL Yol TO XATw NILoPalplo, Elval vathov
xa xortaoxevdletal and extunwtéc 3D (ELxévoc J). Ot PMT ocuyxpoatoivton e toolyec
(o-rings) oto mhalolo oThEENC X 0 YWEog PETAZl TS YUGALYNG ogpaipac xou Tou Thatoiou
othene yepiler pe eldxy) yéhn (opticla gel) duo cuotatixmy 1 omola €yel mepinov Tov Blo
delxtn Suddhaom (~ 1.40) pe to yuahi tne ogaipoc (1.47) xaw twv PMT (1.51 —1.54). H yéin
extog onTnc Leving yYudhivng ogalpac - PMT npoc@épet xou emmiéov pnyoviny| othpiln atoug
PMT xa npootacio and xpadacpols xatd Ty petagopd xou tovtion twv DOM. Yto mhaicto
oThplEne TomodetolvTan xan ovandhaoTixés Tauviee ot oy fpa doctuldiol (Eudva 3.3 G) yipw
and xdde PMT uné ywvio 45 pe oxond tnv cUAMOYH TEpLoc0Tépmv puTovimy (adinon 20%
- 40%). Ou PMT tonodetolvton avd 6 oe 5 daxtuhiouc pe mohux ywvia 562, 722, 1072, 123°
xou 148° xan évag PMT tonodeteiton oto vétio tdéro tou DOM (Bpioxetar dnhodr oe mohuxh
yovia 180°). Xe xdde doxtiho ot PMT eivar totodetnuévol étol thote xdie duo yertovixol
vo oynpatiCouv alipovdon ywvia 30°. Eniong oo PMT tou xdle Saxtuiiou eivan otpoppévol
¢ pog Toug PMT twv yertovixdv doxtuhioy xotd yovie ~ 30°. Ytnv Ewxdva polveTal
n 9éon twv PMT cto DOM.

YTov Ywpeo Tou dvw nuiogopiou 6mou dev tepEyovtar PMT tonotetodvion to niextpovind
tou DOM (Ewéva D xou E). Enlone éva ocbotnpa modnuxic POing twv nAextpovixdy
TonovetelTon oTOV (Blo YWOEO HE GTOYO TNV amaywYr TG VEPROTNTAC %ol TNV €UXOAOTEE
petddoor tne oto vepd. To clotnpa autd amoteAelton and Lo pEToOAAXT pd300 Tou SLaTEEYEL
%00’ Ohoc Tto DOM xou xotadyer o€ o 1dtaln mou €yel oy o LoVITUELO0 Xol EQATTETOL OTO
Gve TpApe Tou dve npogopiov (Ewdva C). To nodnuxéd cbotnua PoEne eyyvdrar ot
070 eowtepxd Tou DOM ot Yeppoxpaaieg dev Yo Eemepvoly toug 30°C dtav Aettovpyel utd
xavovixég cuvirxeg xan Bploxetan Budicpévo oe vepod.

Y10 dvew nuogaipto Tou DOM nepiéyetan évae LED flasher mou propel va exnépmel gog
TEOC T TWAVW o yenotponolelton yior Tn Badpovopnon tng yeovixrg andxplone twv DOM édtayv
elvan movtiopéva (Ewxdva I). Enione meptéyeton éva PavOPETEO Yior TOV EAEYYO TNG TEONC
670 eowtepd DOM (Ewdva 3.3 L). To dve nuogaipio tng yudhivng ogoipac éxel duo oméc.
Yy o ebvon Tonovetnpévn pa BoABida xevol Yo Ty anoppd@non afea (OOTE Vo XAeloeL TO
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Figure 3.3: Ta onuavtikétepa Oouikd otoiyeia amé ta omoia amoteAeitar to DOM tov
reipdpatos KM3NeT. Ewéva and [62).

DOM Abéyw tng unomleons 0To eowTEpXd Tou. XTn delTeET onf| Tonovetelton éva e&dpTnio
nou ovopdletan dxopeuthc (Eudva [3.3] A). Ané tov diaxopeuth (penetrator) diépyovron Ta
XAAOOLOL TOU TEOYodOTOUV pE NAex TN Loyl to DOM ot ot ontixée {veg mou petagépouy to
0edOPEVa GTOV TAEAXTIO 0THdRO GUANOYNG BEBOPEVWY. O BLoXOPEUTHS EIVOL XATACHEVAGPEVOG
amo TITAVIO JIE TETOLO TEOTO WOTE VO AVIEYEL 0TI oLV XES LPNAYC Tieong mou emixpatoly
ot peydha Yohdooto Bddn ota onola movti{ovton oL aviyveutég. 3To xdTw Nogalplo elval
Tonodetnuévoc évag axovotixds aodntheac (Eudva 3.3/ K) o onotog egdmteton oty yudhivn
ogaipa. O axoucTixdg aonTrpoac amotehel TRAPA TOU CUCTARATOS EVEEONG TNG OYETIXNG
Véone Twv DOM, pe yperon nyntixov naApoy xo axplBeo exatootoy. 'pw and to DOM
Tonoveteitan évor xohdpo and Ttdvio (Ewdva M) to omnolo opiyyer T yudhivn ogoipa.



3.2. TO WHPIAKO OIITIKO XTOIXEIO (DOM) TOY IHEIPAMATOY KM3NET 31

Me to xoAdpo, to DOM cuyxpateiton o 2 oxovid xou 18 dwdoyixd DOM oynpotiCouv pa
avtyveutixhy povéda (Detection Unit - DU).

3.2.3 Ot 9wTONOAANATTAACLACTES

o v emAioyh TV goTonolanhaclactov Bacixf tpobnddeon, extédc Tng delotng amo-
doomng, xodwe xa TS PEYLOTOTOINGT TNE GLUYVORXTC PeToeLaicdnTNE emupdvelag oe xdde DOM,
amoTéAEGAY %ol Ol TiEpLoptopol tou mpoAday and otig dlactdoeig Tou DOM. I toug o ndve
Noyoug emhéydnxe (TOLAAYIOTOY YLal TNV TEOT PUCT XATACKEVAS TOU TELRHJINTOS) O POTOTOA-
Aomhootootic R12199 — 02 anéd tnv Hamammatsu [66]. H péon xBavtixs andédoon (quantum
efficiency) autdv twv PMT eivar > 23% ota 404 nm xou > 20% ota 470 nm xot to tran-
sit time spread eivon < 5ns. To dark count rate xupaiveton péyper 1500Hz[62] evéd o pudnoe
aviyveuone GwToviey Aoyw Twy padlevepyhy dlaordocwy tou 0K eivor amé 5kHz péypr 10kHz,
rxahotwvtag to dark count rate emtpentd. ‘Eva emnpdodeto mhcovéxtnpa twv PMT etvou
OTL AOY® TOU HixpoL Toug peyédoug 1 enidpaot Tou poyvnTixol Tedlou TN YNe oTny TeoyLd
TV Nhextpoviwy propel va Yewpniel opeAnTén xaL GUVETMS OEV AMOUTEITOL 1) POy VNTIXY TOUG
Ywpdoon.

3.2.4 EMittwom tng oLuVELcPOopds Tou onttixol YoplBou.

Xdpn otny duvatdTnTa XoTApETENoNG PuToviwy, xdde pepovopévo DOM propel vor “avory-
voploet” av to potéVIa Tou aviyVeVeEL Tpoépyovtal and jidvio (gite atpooouupxd eivor and
ahAnheniBpaon gopTiopévou pebpatog Vetpivo poviov) B oand akknlemdpdoelc vetpivo and tov
ontxd ¥6puBo. Ta putdVIa TOL TaPdYoVTHL AOYw TV padlevepydy dordoeny Tou VK (onti-
x6¢ 96pufoc) dnovpyolvtan tuyala xou dev oyetilovtan petadd toug. Avtideta, to QwT6-
VioL ToL Ttapdryovtan omd [uévia 1 oamd ahknhemdpdoelc vetpivo (yweic va untocTolv oxeddoel)
gpTévouy otoug PMT tou DOM pe mohd puxpéc ypovixéc diapopéc.

108 FTTT T T T T KM3NeT/ARCA preliminary
E 10* T
10° KM3NeT DOM 1§,
3 I simulation - Muons _E % 10° ] S2F18 (data)
10 I simulation - “°K E ° 10 j 7 }-S4F1 (muon MC)
10% I Combinatorial Background 3 E 1 & 4
E‘ 10 = s 1 fraaan]-82F 18- (muon: MC)
re 3 B + e SF 1 (K40 + 0N MC). -
o 3 © o
. - S 102 A S2F18 (K40-+ muon-MC)
o 10" g o 10 v /
10? 4 €0
3 J E . 4 Wﬁeﬁ
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Figure 3.4: Yuyvétnta pe tnr omoia m PMT ovo i0wo DOM mpaypatonoioly aviyvevon
o€ xpoviké mapdBupo 25 ns (multiplicity 1j Coincidence level). Apiotepd: Aedouéva kai
TPOOOROITEIS (atpoopalpikd udvia kar ontikds UdpuPog) ya to test prototype DOM[GT].
Aebid: Aedopéva kar mpooopoioes (atpoopaipikd povia kai ontikés 9dpyBos) yua 2 DOM
amd Tg 6Uo TPATES TOVTIOUEVES aviVeUTIKES iovddes tov tnheokoriov vetpivo ARCA[GS).

'Hon and to test prototype DOMIGT] owth 1 duvatdtnra tou DOM eiye emPBeBoreyIel.
Emmiéov emBefaiwon mpoogéoouy ta Bedopéva amd TIC U0 TEKOTES TOVTIOPEVES OVLY VEUTIXES
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povédeg Tou tnheoxoniou vetpivo ARCA. Ytnv Ewdva napouctdlovton Ta dedopéva amod
10 test prototype DOM (aplotepd) xou amd Tic BUO TPOTES TOVTIOPREVES OVLY VEUTIXES JLOVAOES
Tou tnAeoxotiov vetpivo ARCA (8e€id). And tic ouyxploeic Bedopévmy xou TPOGOROLOCEWY
yivetou gavepd 6Tl 6tav 8 Y neploadtepol PMT aviyvedoouy gwtoviar o€ XAmolo J1ixpd Yeovixo
Topdiupo (€8¢ 25ns) 1 cuveloPopd Tou YopUBou eEAayloTOTOIELTAL EVE ETIXPUTEL 1 CUVELGYORY
PWTOVIKY TOU TOEAYOVTOL Antd ATIOCPAEIXd PtoVIaL (1 CUVELEPOPE PKOTOC and AMANAETULOPEOELS
vetpivo ou avapéveton var oviyveulel and xdde DOM pepovepéva eivar apekntéa). Emmiéov
otnv Ewdva 0edid amewoviletar o puINdS aviyvevoric and 2 DOM nou anéyouv nepinou
610m xotoxdpuyn andotacy. Mnrogel va mapatneniel 6L 0 puipdg aviyveuong CUPTTOCEWY
< T elvon (Brog xou yioe tor 2 DOM, 81611 oL padlevepyEg SLooTAOELS TOU 40K Bev e€apTOVTOL Ao
T0 YoAdooio Bddog, eve puindg aviyveuorng cupTTwoewy > 8 eivor otoepd IxEOTEROC Yial TO
DOM rou elvar tovTiopévo oe peyolltepo Bdog xadde MyoTEpa ATIOCQAULEIXE ILOVIX YTAVOLY
oe peyolUtepo Bddoc. To Sedopéva elvar o CUPPWVIA [IE TIC TEOCOHOLWOELS ATILOCPAUPIXDY
HLoviwy.

3.3 O awviyveuthc vetpivo KM3NeT/ORCA

O awviyveutrc vetpivo ORCA eivan évag amd toug 500 aviyveuTtég Tou xataoxeudlovTal oand To
nelpapo KM3NeT. O xOplog emotnpovixdg otoyoc tou aviyveuty ORCA elvon n perétn g
iepapyioc pdloc twv vetpivo péow tng PEAETNG TNG TAAAVTWONS TV ATHOCQUELXMY VETRIVO
[69]. O oaviyveutic ORCA otoyeler otny aviyVELOT ATHOCPAULEIXDY VETPIVO HE EVEPYELDL
amd Ayo GeV péypel xan pepinéc dexddeg GeV. Xe autd To evepyelaxd elpog evtomileton 1
PEYLOTN Blaopd GTOV avVApEVOEVO pUTIO aviyveuong VeTpivo nhextpoviou xou [oviou Ta
omola dgpyovton péoa and v I'n, urodétovtag elte v xavoviny elte v avectpoppévn
tepapyla palag, Aoyw TNg aAANAETidpaone TV VETEIVO e TNV UAT amd Ty onola SEQYOoVTaL.
[o v enitevdn Tou oTtdY0L AVTOY EXTOC amd Tov axE3H TEOCBIOPIORS TNE EVEQYELNSG TWV
aviyveudéviwy vetpivo e&icou anpovtixd lvor xou 1 axplfric avoxataoxeun tne diebuvong tou
VETPIVO WOTE VoL IMOEEl Vo Tpoadlopto Tel 1 TuxvoTnta 6THANG TNe péacoc tne I'ng and tnyv onola
ohde xade vetpivo.

o v ebpeon e BEATIoTNE BATOENG TV OMTIXOY OTOLYEIWY OTOV aviyVeuTr, xUplo
xplThplo elvan To evepyelaxd eVpog Twv VeTplvo evdlagpépoviog. Ta DOM otic aviyveutixég
tou povédec Tou KM3NeT/ORCA anéyouv xatoaxdpugpn andotoon 9Im eved oo DU anéyouv
oplovtia amdotaon mepinou 20m. O aviyveutnc, n xdtodn tou omolou gaivetan oty Ewxdva
Yo anoteieltan and 115 DU xon Yo xatohapfdver 6yxo neptnou 8Mton. Ilpocopowdoeig
€youv Ociel OTL 1 MO YwVioY) BLaXELTIXY) XOVOTNTA TOU OVLYVEUTY] oVOPEVETOL VoL EYEL
OLdIEco TEP(mOL 52, EVE 1) EVERYELOXY| TOU BLAXELTIXY XAvOTNTOL avopéveTan Vo efvon Tepimou
20% o yeyovota xotouylopol (oAAnhenidpaons @opTiopévou pedatog VeTeivo nAexTpoviou)
pe evépyewa vetpivo ~ 10 GeV.

Ext6¢ Tou x0plou emotnpovino’ 6toéyou, dAlol Bacixol otodyol Tou aviyveuth ORCA eivou:

o H perétn tne aviyveuon vetplvo tow AOYw TUAGVTWOTNS ATIOCPAEXGDY VETEIVO Htoviou.

o H aviyveuon vetpivo amd unepxouvopovels aoTépeES.

H Sie€aywy?| topoypapixic perétne e I'ng alonoudvTtag Tig TaAaVTWOoELS TWV ATHOGQU-
ey vetplivo.

e H ocuppetoyy ota Multi-messenger npoypdppata tou nedpatoc KM3NeT.

H perétn twv xoopmx®v axtivey p€ow tng PEAETNG ATHOGHPUEIXMY VETEIVO Xat [toviwy.
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Figure 3.5: Kdtopn tov aviyvevty ORCA.

o H peiétn vetpivo and adAniemidpdoelc oopatdiwy oxotewvic UANG mou mayldebovton
Boputnd o palxd owpato (6nwe n I'n, o 'Hiog ¥ 1o xévtpo tou Tahadio pog).

Tov IoUAio tou 2019 unipyay 4 TOVTIOPEVES avLy VELTIXES NoVAdeES Tou aviyveut ) ORCA
ToU GUVEAEYQY BEdOpEVAL.

3.4 To tnieoxdmo vetpivo KM3NeT/ARCA

O dedtepog aviyveutric mou xataoxeudlel to melpapo KM3NeT eivon to tnieoxdmo vetpivo
ARCA. Ouxiptol emotnpovixol atdyot tou tnheoxoniov ARCA elvon n aviyveuon vetpivo ulm-
Mg eVERYELOC amO ONUEIINES ACTEOPUOIXES TNYES o 1) HEAETY TNG OLdyuTNS ponic VeETpivo Ln-
AV EVERYELOY a0 TEOPUOXTS TeoéAeuang. To evepyelond elpog eVoLapEpovTog Tou TNAEoXOTOU
ARCA cebvar and TeV péypet xou exatovtadeg PeV. Adyw tng ¥éong ndvtiong tou tnheoxoniou
(Meoébyelog Odhacon) tepiocdtepo and 85% ToL 0UPAVOL Elval 0pATS YENOLOTOUOYTOS VETEIVO
proviou mou €youv avodxr popd (Biépyovta péoa and ) I'n). Emmiéov oto ontixd nedio tou
mheoxoniou (Ewxéva Beloxetar to xévtpo Tou I'oho&io oAAE xou To peyohltepo THpA
tou Foha&axol emmédou 6mou PBeloxovtoar TAnY®eo YaAaZloxdy TNYOV oL OTolEC €V BUVIIEL
exnépmouy vetpivo. To e€wyohaloxd aoTEOPUOIXE AVTIXEIIEVA TOU OVAUIEVETAL VO EXTIELTOLY
veTpivo elvon LlooxaTavepnIéVa GTOV OUEAVO.

To tnieoxdémo ARCA, n xdton tou omolou qaivetow otny Ewdva (aproTepd), Vo
amoteheltan amd dLo Sopuxéc povddeg. Kde Sopuxny povdda do amoteieiton omd 115 DU.
To DOM tng xdde DU anéyouv xatoxdpuen andctoon 36m eved 1 optldviio andcTaon Twy
yertovixwyv DU ebvar ~ 90m. H xdde Sopxn povdda mpocopoidler oe évay xOAvdpo oxtivog
nepimou 500m xou Uouc mepimou 610m, dpa xor 6yxou mepimou 0,5 km? (Ewndva 0e€Ld).
Yuvende to Tnhéoxomo Yo xatohapBavel 6yxo 1 km3. H didtaln tov DOM éyel Behtiotonoun-
Vel dote 1 evancinaio Tou TRheoxoniov va elvon peyloTn oe VETEIVO JIE EVEQYELX GTO EVERYELOXO
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Figure 3.6: To ontikd medio tov tnAeokoniov ARCA. O mepiox€s touv ovpavol pe gkolpo
RTAE xpodpa elvar opatés mdvw ané T5% avd nuépa, €vd avtés pe avoiytd pmhe mdvew amd
25% xpnoporoirtas vetpivo poviov pe avodikn gopd. Erniong tapovoidlovtar aotpopuoikd
avtikeipeva pe évtovn exmounrj o€ aktives-y. Eucdva and [35]

€0pO¢ EVOLAPEPOVTOC.
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Figure 3.7: Apiotepd: Kdtoyn tov aviyvevery ARCA. Ae&iid: YXynpatikn areikévion evos
dopol oTolyelov Tou TnAETKoTIOU.

O ontuég 1B16TNTEC ToL VePoL elvol TETOIEC OTE TO PHAXOSC AMOPEOPNONG TWV PWTOVIKY
(670 pAxog xOpATOS EVOLPEROVTOC) Va Elval PxEdTERO amd TO PAXOSC OXEDUONG, CUVETHOS 1|
ox€daom TwY pwTtoviny elvor deutepeovcas onpaciog (oe avtideon pe Tov néyo 6mou Loy leL To
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avtideto). Ot onTnéc WIOTNTES TOU VEPOL O GLUVBLACPS HE TNV XavdTNTa EDPEOTC TNG Btebiuv-
ONC TWV AVLYVELDEVTWY QWTOVIWY, ETUTEENOLY avoxaTaoxeur tTne Oeduvong twv vetpivo
ne mpwtogoavi) axpifeia yia TnAeoxomo vetpivo. Ilio cuyxexpipéva, extevelc TPOCONOUOOELS
€delloy OTL 1) BIAPECOC TNG YWVIIXAS DLOXELTIXAC IXAVOTNTAC YO YEYOVOTA TEOYLAS OVOIEVETOL
va ebvon < 0,27 yio yeyovota pe Eyovion > 10 TeV xan < 0,12 yia yeyovota e Ejovio, > 100
TeV, evey 1 evepyetonxt doxprtiny| ixavotnto avapéveton v etvon tepinou 20% tou hoyopidpou
e evépyewg. Emmhéov oe yeyovdta (adinhenidpaons popTiopévou pedpatog VETEIVO nhex-
Teoviov) xatuyiopol pe Eyergie > 60 TeV 1 Sidpecoc e yeviorc Slaxprtixnic ixavdtntag
elvar < 27 xan 1 evepyelant| Staxprtxt| ixavotnto etvan tepinou 5%. H Sonprtins ixavotnTo Tou
TNAEOXOTIOL TOCO GE YEYOVOTA TEOYIAS OGO X0k OE YEYOVOTA XoTatylopod ahAd xou ot pédodot
OVAXUTAOHEVHC, TUPOLCLALOVTAL AVOAUTIXOTERO OTO XEPIANLO

Exto¢ v x0piwv emeTNROVIXGY 0TOY WY, dhhot Bacixol otdyol Tou tnheoxoniov ARCA
elvau:

H aviyvevon vetpivo Tau ot Bidyutn por) VETpivo aoTRoPUGIXNC TEOEAELOTC XIS KoL
0 TPOGOLOPIOIOE TNG OVUOCTACTE TWV YEUCEWY VETEIVO 0T OLdyUTY POY| ACTROPUOXNG
TEOEAEVOTC.

o H aviyveuon vetpivo and exhdpderg axtivev-y.
o H aviyveuon vetpivo amd umepxouvoPavels acTERES.

e H ocuppetoy?| ota Multi-messenger npoyednpata tou netpdpatoc KM3NeT.

H perétn twv xoopxeyv axtiveoy 1w g HEAETNC ATHOCHPOULELXWY VETEIVO Xal [ILOVIWY.

H peiétn vetpivo and addnhemidpdoelc oopatdiwy oxotewvic UAng mou moyldeovton
Boputnd oe pald owpato (6nwe n I'n, o Hiog 1 10 xévtpo Tou yohoio pag).

Tov Iovho tou 2019 unipyov 2 TOVTIGREVES oVt VEUTIXES loVAdeS Tou Tnheoxoniou ARCA
ToU GUVEAEYQY BEdOpEVAL.
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Chapter 4

The GRBNeT Project: An
Autonomous Neutrino Detector

4.1 General

Neutrinos from GRBs are expected to have very high energies and they are also expected
to be more abundant than those created from other, less energetic, astrophysical objects.
In order to detect such ultra high energy neutrinos the optimal detector layout is one where
a very large volume is sparsely instrumented. High energy muons, created by ultra high
energy neutrinos interacting via Charged Current (CC) interaction with the surrounding
medium, can be detected and tracked traveling through such a sparse detector. However,
building, providing power to, maintaining and handling the data of such a huge and sparse
detector is quite cost ineffective and complicated. A detector consisting of autonomous
detection units is a very interesting alternative.

Large scale facilities, like the KM3NeT/ARCA telescope, focus on the detection of
galactic and extragalactic neutrino point sources as well as on the defuse neutrino flux.
Increased sensitivity for the detection of ultra high energy neutrinos, like those expected
from GRBs, can be achieved by sparsely instrumenting larger volumes. Since one of the
of the most cost demanding parts of large underwater telescopes is the sea-bed network,
needed for providing power to the detection units and transferring all data to shore, sparsely
instrumenting larger volumes becomes cost ineffective. To this end, it is possible that a more
cost effective way is to deploy autonomous detectors around existing large scale facilities like
KM3NeT/ARCA. The sensitivity of the combined detector to ultra high energy neutrinos
will be greatly enhanced compared to that of the initial large scale detector, due to the
increase of the instrumented volume to several cubic kilometers.

To explore this possibility the Gamma Ray Burst Neutrino Telescope (GRBNeT) project
[70, [71), [72] had been aiming to design, build and deploy an autonomous prototype neutrino
detector. It was successfully completed with the deployment of a prototype detector on the
28th of October 2015. The GRBNeT project was funded by the Greek National Strategic
Reference Frame Work (THALES Initiative 2011 — 2015) and it was a collaboration be-
tween the Institute of Nuclear and Particle Physics of N.C.S.R. Demokritos, the University
of Athens and the Hellenic Center for Marine Research with more than 15 scientists and
engineers participating. Special attention was paid to the autonomy of the GRBNeT pro-
totype detector, as it was considered to be the most crucial part of the whole project. Thus
the GRBNeT detector was designed to be autonomous both power-wise and in data-taking.

37
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4.2 Mechanical design

The original GRBNeT design comprised four cross shaped titanium latticed frames (floors),
having an arm length of approximately 7 m, arranged into two cluster. The distance between
the cluster had been set to 300m while the floor to floor distance within the cluster to 40m.
That detector layout would have allowed the possibility to perform local coincidence at
trigger level at each cluster. Due to a budget reduction imposed to all “THALES” projects,
the above design had been aborted and GRBNeT prototype was realized with two floors
having a distance of 30m, as illustrated in the schematic representation of the GRBNeT
detector in Figure 4.1} This layout suppressed the possibility of using local coincidences on
the trigger level.

\l/
71N
w
o
3

® oM
@ Electronics

anchor l Battery container

\l/

2% Led Beacon

Figure 4.1: A schematic representation of the GRBNeT prototype detector.

Each floor had been equipped with 4 Optical Modules (OMs) similar to those used by
NESTOR experiment [73, [74], the electronics’ unit containing the necessary electronics for
the operation of the OMs and the power unit containing the necessary batteries for each
floor’s operation. Each OM comprised a single 13” Hamamatsu R8055 PhotoMultiplier
Tube (PMT) surrounded by a mu-metal mesh glued with silicon gel inside a 177 diameter,
1.5 mm thick glass sphere (VITROVEX). Detailed studies about the optimal OMs’ orien-
tations had conducted so that the GRBNeT detector layout was optimized for ultra-high
energy neutrinos (E, > 1 PeV). It was found that the optimal results were achieved when
the OMs were facing horizontally. Moreover, when taking into consideration the geographi-
cal location of the deployment site (Mediterranean Sea), it was found that a detection unit
with single PMT OMs facing horizontally has a full sky coverage during a day.

On each floor the electronics unit had been located in the center of the cross at the
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upper side. All the necessary electronics for providing the 4 OMs with power and for the
data acquisition were housed in a VITROVEX glass sphere. At the lower side the power
unit, a 60 L plastic container filled with paraffin oil housing the necessary batteries for
the operation of each floor, had been attached. The electronics unit had been connected
with the 4 OMs and the power unit with deep sea cables. Ten VITROVEX glass spheres,
contained in their plastic protective shells (hard hats), had been attached to the arms
of each cross in order to provide the necessary buoyancy so that each floor would have
negative weight in the seawater and would float to the sea surface once the anchor was
released. They were positioned in such a way that the total torque was zero. Photographs
of floors of GRBNeT prototype taken during the deployment (Section are presented in

Figure [4.2]

Figure 4.2: Left: A GRBNeT floor lifted from the deck of R/V AEGEO. Right: A GRBNeT
floor just before submersion.

The two cross shaped floors had been separated by a 30 m rope and each one operated
totally independent from the other. Two LED beacons, for redundancy, had been placed in
the exact middle of the distance between the two floors. They had been designed to produce
a pulse of light in a 12-hour time interval reaching all OMs in both floors simultaneously.
Each beacon consisted of an RC circuit with 4 LEDs, powered by a 9 V battery. The
beacons had been housed in a transparent plexiglas container filled with paraffin oil. The
two beacons had a time offset of 6 hours, so artificial events were produced every 6 hours
for testing purposes, triggered by an autonomous timer.

The main bouy unit had been separated by a 150 m rope from the upper floor. It
consisted of 4 Vitrovex glass spheres in their plastic protective shells (hard hats) held
together with a mechanical (cage like) structure made of iron, painted and equipped with
anode protection. On the mechanical structure a VHF location unit had been attached
along with flash lights to facilitate the detection of the prototype in case the recovery
would have been conduced at night time. Even though each floor was buoyant the primary
purpose of Main Buoy Unit had been to keep the whole structure in a vertical position.

The lowest part of the GRBNeT prototype was the anchor unit. The upper part of the
anchor unit was a set of acoustic releases tied to the main rope and connected in parallel
with an iron chain. The iron chain had also been connected to the mechanical structure of
the anchor which was made from ordinary iron painted and equipped with anode protection.
The weight of the anchor (600 kg) was enough to keep the whole prototype in place.

The backbone of the GRBNeT prototype was the main rope. It was a special double
braid rope of 16 mm diameter, high mechanical strength (up to 6719 kg) and resistance to
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corrosion. The length of the rope was 200 m and it had been equipped with the appropriate
terminators and shackles for the different components to be attached to it. Additional
double braid ropes of 14 mm diameter, 4 m length, high mechanical strength (up to 4994
kg) and resistance to corrosion had been used to securely attach each floor to the main
rope.

4.3 Autonomy

As mentioned in Section the autonomy of the GRBNeT prototype had been considered
as the most crucial part of the whole project. For this reason very low power electronics had
been designed and implemented and each floor had been equipped with a dedicated power
unit, providing enough power for a 6-month operation period. Also all data produced by
the prototype had been recorded in SD memory cards, rendering the GRBNeT prototype
a fully autonomous neutrino detector prototype.

4.3.1 Low power electronics

The Data Acquisition (DAQ) and Slow Control had been implemented with custom made
electronics in order to fulfill the requirements of low power consumption and autonomy.
The original resistive divider design HV-controller of each PMT, had been replaced by a
custom made Cockroft Walton (CW) voltage multiplier. This had been controlled by a HV
control unit that utilized ultra-low power microcontrollers in order to retain the desired HV
value for each different PMT. The delicate task of removing the resistive base enclosed in
synthetic resin without causing any mechanical stress to the PMT, had been accomplished
by the use of a chemical dissolvant. Some hours after applying the dissolvant, the texture
of the resin became soft (almost jelly-like) and easy to remove without applying any force.
During that time the PMT had been enclosed in a black bag to be protected from any light
exposure. After this procedure had been completed, the CW voltage multiplier base was
attached to each PMT. A PMT with the original resistive base enclosed in the resin and a
PMT during the resin-removing procedure are shown in Figure left and in Figure [4.4]
a PMT with the CW-base attached is presented.

The Control Board was the analog system that distributed power from the power unit
to each one of the OMs and all the electronic components. The analog pulses produced
when photons hit a PMT had been compared to 4 different threshold levels by the use
of discriminators. The four thresholds used were: 80, 800, 1200 and 2000 mV, which
corresponded to pulses produced by 2, 20, 30 and 50 photo-electrons respectively. When
a threshold was reached the discriminator produced a digital pulse with duration same to
the time the analog signal remained above that specific threshold. These digital pulses
acted as input to the digital circuit implemented on a Field Programmable Gate Array
(FPGA) board. The Slow Control Unit, the second analog system directly connected
to all 4 OMs of the floor, periodically recorded the HV values to an SD card. It also
communicated via an I12C communication protocol with a compass and a tilt meter, located
in the electronics unit of each floor, and recorded the readings to the same SD card. All
records had been accompanied by a time stamp produced by an internal clock. The internal
clocks of the Control Boards on each floor, had been synchronized with a GPS clock prior
to the deployment.

The DAQ consisted of a Spartan-6 LX16 Evaluation FPGA board [75] designed to detect
and record any possible signal from High Energy neutrinos. In order to identify this signal
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Figure 4.3: Left: A PMT with the original resistive base enclosed in the resin. Right: A
PMT during the resin-removing procedure.

and reject the noise (i.e. from 4°K) a trigger logic based on coincidences between the arrival
time of pulses from the different OMs had been implemented at the Coincidence Logic Unit
(CLU). This trigger had been refined by detailed simulations presented in Section For
accurate timing a Microsemi SA.45 s Chip Scale Atomic Clock had been used to provide
a stable, low-jitter reference clock of 10 MHz and a Pulse-Per-Second (PPS) signal at
the upper floor, while at the lower floor the FPGA clock had been used. By implementing
both setups (with and without an atomic clock) at the prototype it would allow an accurate
assessment of the performance of the FPGA clock at the offline analysis, having as reference
the artificial events produced by the LED beacons.

As mentioned above, the digitized pulses were used as an input to the FPGA. The
CLU searched for time coincidence of all pulses passing the second threshold (> 20 photo-
electrons). Each pulse initiated a 200 ns time window to open and as 3-fold coincidence the
detection of two other pulses in that time window was considered. When a 3-fold coincidence
occurred, the event was triggered and the time window expanded for an additional 100 ns.
When the 300 ns time window expired, all the data produced by the detector during that
time window were stored temporarily in a RAM block, to be permanently stored to a
devoted high speed 64 Gb SD memory card via the SPI protocol. The SD card operated as
SPI slave, while an SPI master had been developed in the FPGA to handle the read/write
procedures. The average number of pulses per event and the number of events per minute
found by the simulations of atmospheric muons (Section , indicated that 64 Gb of
memory would be more than enough to store all the data produced per floor in a time
period of operation of more than 6 months. For triggered events (300 ns time window)
the following information had been recorded for all pulses produced at either one of the 4
PMTs of the floor passing the second threshold:

e the id of the PMT that produced each pulse

e the arrival time of each pulse compared to the arrival time of the first pulse that
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Figure 4.4: A PMT with a CW base.

initiated the time window
e the Time over Threshold (ToT) of the pulse.
And once per coincidence:

e the absolute arrival time of the first pulse that triggered the time window (necessary
for the offline physics analysis).

The absolute time stamping has been considered as necessary since after the retrieval
and during the off-line data analysis phase, the events recorded at each floor would need
to be correlated to those detected at the other floor. Also the potential association of
the recorded events to satellite or terrestrial telescope observations of GRBs (GRB alerts)
occurred during the data-taking phase would be possible only if the absolute time would
be available. For GRB alerts, such time correlations can provide a very powerful reduction
on both the atmospheric muon and the atmospheric neutrino backgrounds. Furthermore,
for any future applications, like the instrumentation of larger volumes around existing large
scale facilities with GRBNeT-style strings, the correlation of the detected events by the
GRBNeT-style strings to those detected by the underwater neutrino detector is of utmost
importance.

The FPGA had also been programmed to record the number of pulses (rate) passing the
first threshold. A counter was set per PMT and every 0.5s, at the end of this time period it
was written to RAM along with the PMT id and it was reset to 0. These data had also been
written to a devoted 64 Gb SD memory card communicating with the FPGA in the same
way as that recording the coincidences. The first threshold had been used only to record
the rate. The main contribution to the rate comes from the decay of *°K in sea water. In
order to perform an accurate measurement of the rate due to °K, the first threshold was
chosen at 2 photo-electrons to avoid the contribution of the PMT dark rate (pulses created
without any photon triggering the PMT).

Both the analog and digital electronics had been integrated and securely attached on
a custom made mechanical structure, designed to fit inside a Vitrovex glass sphere which
comprised the electronics unit of each floor of the GRBNeT prototype and to stay horizontal
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Figure 4.5: The boards of the electronics unit located at the lower floor of the GRBNeT
prototype. On the left side of this picture the FPGA board is shown (red board) and on

the right side the analog electronics of the Control Board and the Slow Control Unit (green
boards).

even if the glass sphere was not perfectly horizontal. The only exception were the Cockroft
Walton (CW) voltage multiplier and the HV control unit which had been attached to the
PMTs. The electronics of the lower floor are shown in Figure They were identical to
those of the upper floor with the exception of the atomic clock used only in the upper floor.
Five holes were very carefully drilled on the Vitrovex glass sphere housing the electronics
and in each one a GIZMA series 35 7-pin connectors was fixed. Deep sea cables had been
used to connect the 4 OMs and the power unit to the electronics unit at each floor. The
integrated electronics unit is shown in Figure left. The electronics unit had been placed
inside a hard hat in order to be safely attached to the mechanical structure of GRBNeT
prototype, as shown in Figure right.

4.3.2 Power unit

The low power electronics discussed in the previous subsection had been powered by D
type Varta alkaline batteries, arranged in clusters of 13 batteries in series. The batteries
had been housed in the power units of each floor, allowing for the completely autonomous
operation of each floor. The power unit comprised is shown in Figure [£.7) and it comprised
a 60 L plastic container exposed to full depth pressure of 3000m, inside which 43 clusters
of batteries had been placed. The compression of the diameter of the plastic container
had been measured under pressure of 400 bar in a hyperbaric chamber filled with water
and it was found to be approximately 3.2mm. A hole had been drilled on the top of the
plastic container and a GISMA receptacle series 35 was placed. Each cluster of batteries
had been enveloped in a plastic tube and the bottom of the plastic container had been
covered with rectangular coconut fiber mats to minimize the probability of batteries short
circuiting. Each cluster had been connected through protection diode in parallel with the
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Figure 4.6: Left: The electronics unit of the GRBNeT. Right: The electronics unit attached
to the GRBNeT prototype with all the deep sea cables (to the 4 OMs and the power unit)
connected. The additional (orange) hard hat had been used for the safe transport to the
deployment site and was removed just prior to the deployment.

other clusters and all clusters were connected to the conductors of the GISMA receptacle,
so the nominal voltage (which was the same as that of 1 cluster) was 19.5 V and the initial
voltage was 20.8 V. Finally the container had been filled with paraffin oil which acts as an
insulator and is practically incompressible for the ambient pressure at 3000m depth.

Since the batteries were meant to be exposed to the full ambient pressure at a depth
of 3000 m, a number of tests had been conducted beforehand to study the behavior of the
batteries under pressure. First the durability of various brands of batteries had been tested
in a hyperbaric chamber filled with water under the pressure of 400 bar. The outcome was
that the shape of the batteries was distorted. For some brands the whole body had been
distorted while in others the distortion was limited to the areas around the positive and /
or negative terminals which were filled with air (by design). To prevent this effect small
holes had been drilled in the positive and negative terminals (metal cups) and the tests
were repeated. The distortion observed in the batteries with holes on their terminal was
smaller and in some hardly noticeable. D type Varta alkaline batteries showed no distortion
even at the initial tests, so there was no need to drill holes to their terminals. Consequently
these batteries were chosen as power elements for the GRBNeT prototype.

Several tests had also been performed to study the discharge behavior of the batteries
under pressure and no significant deviation was observed. The time needed for discharging
for 7 batteries on a 10§ resistance at 1 bar (3 batteries) and 400 bar (4 batteries) is presented
in Figure [4.8|left, where the voltage drop of the batteries is shown versus the discharge time
of each cell. The battery cluster capacity was also measured for 1 cluster of batteries under
pressure of 400 bar. For this test one cluster had been placed in the plastic container
(along with gravel) and it was connected to the conductors of the GISMA receptacle. The
container had been filled with paraffin oil, sealed and then placed inside the hyperbaric
chamber. A deep sea cable, reaching out of the chamber, had been connected to the power
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Figure 4.7: A power unit of the GRBNeT Prototype

unit which remained to the pressure of 400 bar for 10 days. During the compression the
battery cluster had been discharging through a 158 Ohm resistor in order to emulate the
intensity of the electrical current (134mA) required by the electronics unit of the detector.
The voltage of the battery cluster was logged at real time and the discharge curve is shown
in Figure [£.§ right. From this curve the capacity of the battery cluster was calculated and
found to be 17 Ah. Since 43 clusters were placed in each power unit, the total battery
capacity of each power unit was approximately 730 Ah.
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Figure 4.8: Left: The voltage (V) of seven batteries versus the discharge time of each
cell. Dotted/solid lines correspond to batteries discharging in air/under pressure of 400
bar respectively. Right: Voltage with respect to time for a cluster of batteries discharging
through a 158 Ohm resistor during compression to 400 bars.
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4.4 Simulations and trigger studies

4.4.1 General

The aim of the GRBNeT prototype detector was to investigate the possibility of imple-
menting autonomous detection units for increasing the detection ability for high energy
neutrinos from GRBs. Even though this was only a prototype, detailed simulations had
been conducted in order to optimize the trigger used at each floor to enhance the potential
signal from High Energy (HE) neutrinos from GRBs and at the same time minimize the
contribution from all background sources. These studies were necessary for the design of
the electronic of the prototype to have a reliable estimation of the event rate. Also based
on this event rate the thresholds of the discriminators (level above which the analog pulses
produced by the PMTs were digitized and fed to the FPGA board) were set. Moreover,
the work load of the FPGA board as well as of the necessary volume of the SD memory
card on which the events (coincidences) were recorded for the given livetime of 6 months
had been evaluated.

For these simulations the most up to date tools, at the time, developed and supported
by the KM3NeT experiment had been used:

e Atmospheric muons had been generated using the MUPAGE program [76] (see chapter
5.2.2]).

e High Energy neutrino events had been generated using the ANIS program [77].
e Muons had been propagated using the MMC' program [78§].

e The simulation of the response of the detector to the signal produced by muons, neu-
trinos and the optical noise due to “°K decays in the seawater as well as all the physic
analyses had been conducted using the SeaTray [79, 80] framework. SeaTray was de-
veloped for use in the KM3NeT Collaboration and it consisted of modules organized
in IceTray framework developed and provided by the IceCube Collaboration.

When high energy muon neutrinos (i.e. from GRBs) interact with the matter (rock or
sea water) via Charge Current (CC) interaction, high energy muons are produced. These
muons can travel up to several kilometers in seawater before they lose their energy, so they
can be detected at large distances from the interaction point. Moreover, in the energy range
of interest, muons with higher energies lose more energy per unit length, so more light
is produced per unit length, allowing an increased acceptance threshold of the detected
pulses. By increasing the acceptance threshold the background from “°K decays can be
significantly suppressed while the expected signal from high energy muons (created by high
energy neutrinos) suffers practically no loss. Furthermore, a high acceptance threshold for
the detected pulses results to a decrease of the contribution of muons with lower energies,
like atmospheric muons, or muons produced by CC interactions of atmospheric neutrinos.

Simulations and trigger studies were performed in two steps. Initially the multi-PMT
OMs used in KM3NeT were implemented in the simulations and at the physics analysis
level a modification was used to approximate the behavior of the large singe-PMT OMs
used in the GRBNeT detector. The results of these analyses provided the initial input
for the mechanical design and to the electronics working groups. They were followed by a
detailed study simulating the actual detector geometry of the GRBNeT detector with the
single 13 inch PMT OMs.
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4.4.2 Initial simulations and trigger studies
4.4.2.1 Assumptions

For the first level trigger studies the simulated detector geometry was a rectangle with a 5.5
m side with an OM placed at each vertex. The signal produced at the OM used at GRBNeT
was approximated by the signal produced by a multi-PMT KM3NeT DOM using only the
19 PMTs of the lower hemisphere of the DOM. In this subsection the term N photons, or
N photon threshold refers to N photons detected by N different PMTs of the multi-PMT
DOM. The orientation of the multi-PMT DOM was chosen in such a way so that the lower
hemisphere was facing the horizon, to better approximate the GRBNeT detector geometry.
At the time of these simulations and analysis the potential deployment site was at a depth of
3500m, so this depth was used in MUPAGE program for the generation of the atmospheric
muon bundle events.

4.4.2.2 Evaluation of the contribution from “°K decays - optical noise

For an autonomous underwater detector like GRBNeT it is very important to suppress
the noise-only triggered events created by the photons produced by the decays of 4K
in seawater, in order to save storage space and lessen the load on the FPGA. For this
purpose a sample of noise only events with a livetime of approximately 1 hour had been
simulated. Although, during this time period approximately 4500 times an OM produced
a pulse passing the 3 photon threshold, no event satisfied the trigger of 3 OMs producing
pulses above the 3 photons threshold in time coincidence. As expected, a high acceptance
threshold on each OM combined with a trigger based on local coincidences can successfully
eliminate any false event triggered entirely from the contribution of 4°K decays.

4.4.2.3 Atmospheric muons contribution

In order to assess the contribution of atmospheric muon background to triggered events
detailed simulations had been performed. The MUPAGE program had been used for the
generation of atmospheric muon bundles on an area around the detector (called can) at a
depth of 3500 m. Then the propagation of the muons, the light production and the detector
response were simulated and random noise photons created by the decay of “°K were added.

Although low energy muons had not been expected to contribute to the total trigger
rate, atmospheric muon events in the energy range 10 GeV < Epynae < 100 GeV with a
livetime of approximately 1 h, had been generated and simulated. In this period of time
only 35 of the events produced at least 1 pulse passing the single photon threshold and
none passing the 3 photons level.

Based on the above results a sample of atmospheric muons with bundle energies Ep,na1e >
100 GeV had been generated and simulated corresponding to a much larger livetime. In
Figure the bundle energy spectrum (left) and the zenith angle distribution (right) of
these events are presented, for all event with at least 1 OM with a pulse passing the single
photon threshold in black while the 3 and 5 photons level in blue and red respectively. As
it can be observed by the trigger efficiency (lower) plots of Figure these requirements
tend to favor events with higher energies and events with larger zenith angles - closer to
the horizon. Even without employing any local coincidence trigger, the rejection of low
energy events is evident. The requirement of a pulse exceeding the 3 photons threshold has
already provided a significant reduction of the atmospheric muon background and when the



CHAPTER 4. THE GRBNET PROJECT: AN AUTONOMOUS NEUTRINO
48 DETECTOR

condition of the 5 photons threshold is met approximately 95% of the atmospheric muon
background is rejected.
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Figure 4.9: Top: Muons bundle energy spectrum (left) and zenith angle distribution (right)
of stmulated atmospheric muon events. Fvents with at least 1 OM with a pulse passing
the single photon level in black, the 3 photons level in blue and the 5 photons level in red.
Bottom: Ratios of number of events (trigger efficiency) passing the 3 photons level in blue
and the 5 photons level in red with respect to the events with at least 1 OM with a pulse
passing the single photon level. These ratios are shown for the bundle energy spectrum (left)
and the zenith angle distribution (right)

A triggered based on local coincidences is expected to further reduce the contribution
of the atmospheric muon background. Several different trigger setups had been studied.
Those requiring signal from all 4 OMs had been excluded since in the unfortunate event of
an OM malfunctioning these trigger conditions could have never been fulfilled. The optimal
triggers are those requiring the coincidence of pulses from 3 OMs in a short time window
(50 ns). In Figure a comparison of different trigger setups is presented. The bundle
energy spectrum (up) and the zenith angle disruption (down) are shown for all events with
at least 1 OM with a pulse above the single photon threshold in black and for those events
satisfying the trigger condition of 3 OMs producing pulses, in time coincidence, above the
3 and the 5 photons threshold in blue and red respectively. For completeness the events
satisfying the condition of least 1 OM with a pulse above the 3 photons threshold is shown
as a dashed line. By demanding 3 OMs with pulses above the 3 and 5 photons threshold
to be in time coincidence, the atmospheric muon background is reduced by 95% and 98%
respectively. The expected trigger rate for each case is approximately 0.32 Hz and 0.20
Hz respectively. Since the atmospheric muon background constitutes the major part of the
trigger rate for the GRBNeT prototype, based on this analysis a first approximation of the
trigger rate, resulting to the necessary storage space needed for the event recording for the
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GRBNeT prototype was performed.
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Figure 4.10: Muon bundle energy spectrum (up) and zenith angle distribution (down) of
simulated atmospheric muon events. FEvents with at least 1 OM with a pulse above the
single and 3 photons thresholds are shown with black solid and dashed lines respectively.
FEvents fulfilling the trigger conditions of 3 OMs producing pulses, in time coincidence,
above the 3 and 5 photons thresholds are shown with blue and red lines respectively.

4.4.2.4 Astrophysical and atmospheric neutrino contribution

To assess the impact of these trigger conditions to muons produced by atmospheric neu-
trinos, neutrinos from GRBs, and from the diffuse astrophysical flux, neutrino events had
been generated with the ANIS program, following an unbroken power law E~!, and the
detector response was simulated. Since the statistics of the generated energy spectrum of
atmospheric muons is poor in the high energy region (Subsection , the generated
energy spectrum with a power law E~! should provide useful information for the behavior
of the trigger in the high energy region. In Figure the muon energy spectrum (upper
left) and the zenith angle distribution (upper right) are presented for these events, with at
least 1 OM with a pulse above the single, 3 and 5 photons threshold in black, blue and
red respectively. As it can be observed by the corresponding ratio (lower) plots, the trigger
efficiency is really low for low muon energies but for events with E,, > 10—50 TeV it rapidly
increases reaching up to 50% in the very high energy region.

The trigger conditions based on local coincidences had also been applied the sample of
neutrino events. In Figure the muon energy spectra (upper) and zenith distributions
(lower) for events satisfying the trigger conditions of 3 OMs having pulses above the 3
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Figure 4.11: Top: Energy spectrum (left) and zenith angle distribution (right) of muons
originating from neutrinos generated with a E~' unbroken power law. Events with at least
1 OM with a pulse above the single, 3 and 5 photons threshold in black, blue and red
respectively. Bottom: Ratios of the number of events (trigger efficiency) passing the 3 and
5 photons threshold in blue and red, with respect to the events with at least 1 OM with a
pulse above the single photon threshold. Ratios are presented as a function of the muon
energy spectrum (left) and of the zenith angle (right)

and 5 photons threshold which are in time coincidence, are shown with blue and red lines
respectively. A comparison of Figures [£.10] and [£.12] shows that the efficiency of the two
trigger conditions based on local coincidences is low for low energy muons (either atmo-
spheric muons or low energy muons created by neutrino interactions) and increase as the
muon energy increases to reach high efficiency values. As an example, the trigger efficiency
for muons with E,, ~ 1 PeV is approximately 55% and 40% for the conditions of 3 OMs
having pulses above the 3 and 5 photons threshold respectively. Taking into account the
fact that no false noise-only events survived the trigger condition of 3 OMs having pulses in
time coincidence above the 3 photons threshold, this trigger has been chosen for the inital
trigger studies.

To estimate the expected rates and spectra for atmospheric, diffuse astrophysical neu-
trinos and neutrinos from GRBs, these simulated events were reweighed with the corre-
sponding neutrino fluxes. For the neutrino flux from GRBs the Waxman - Bahcall model
[81] was used, for the atmospheric neutrinos the Honda model with the knee correction [23]
was used for the conventional flux combined to the Enberg model [24] to account for the
prompt flux contribution and as astrophysical diffuse neutrino flux, the flux of equation
was used.

Fyiffuse = 2.6-1075 - E;2 GeV~lem 25 lsr? (4.1)

Events were reweighed to the the desirable neutrino flux model (here either Waxman -
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Figure 4.12: Energy spectrum (up) and zenith angle distribution (down) of muons origi-
nating from neutrinos generated with a E~' unbroken power law. Events with at least 1
OM with a pulse above the single and 3 photons thresholds are shown with black solid and
dashed lines respectively. Events fulfilling the trigger conditions of 3 OMs producing pulses,
in time coincidence, above the 3 and 5 photons thresholds are shown with blue and red lines
respectively.

Bahcall model or that of equation using an event based weight w;:

oW

T
N : Fmodel(Ew Zen) e (42)
evts

1s

Wy

where:

e OW is an event based quantity called “OneWeight” which incorporates all the neces-
sary information for each event like the interaction probability, the generation spec-
trum and angular distribution as well as the generation energy range [82],

® Ny is the total number of generated events used in the analysis,

o Fodei(Ey, zen) the neutrino flux model used which can be a function of the neutrino
energy (E, ), the zenith angle (zen) or both and

e T is the time of observation (livetime) in seconds.
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The expected energy spectrum of muons produced by the interaction of neutrinos from
GRBs, which fulfill the trigger condition of 3 OMs with pulses above the 3 photons threshold
which are in time coincidence in one year time of observation for the GRBNeT prototype
are shown in Figure It is expected that approximately 9 neutrinos from GRBs will
produce a muon that will give at least 1 photon in 1 OM in one year observation time of
the GRBNeT prototype, 4 of which having muon energies above 100 TeV, where trigger
efficiency is high. So it is expected that 1 such event will fulfill the trigger and will be
recorded by the prototype per year. The expected energy spectra of muons produced by
atmospheric neutrinos and of neutrinos from the diffuse astrophysical flux fulfilling the first
level trigger conditions in one year livetime are shown in Figure left, in black and red
respectively. It can be observed that at the high energy region the main contribution comes
from astrophysical neutrinos (either from the diffuse flux or from GRBs). Also, the expected
energy spectra of atmospheric muons with Ep,pqe > 100GeV fulfilling the first level trigger

conditions in one year livetime are presented in Figure right for comparison.
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Figure 4.13: FExpected energy spectrum of muons created by neutrinos from GRBs fulfilling
the first level trigger requirements, in 1 year of observation time for the GRBNeT prototype
detector.
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Figure 4.14: Left: Expected energy spectrum of muons created by atmospheric (black) and
diffuse astrophysical (red) neutrinos, fulfilling the first level trigger conditions, in 1 year of
observation time. Right: FExpected energy spectrum of atmospheric muons with Eyyndie >
100GeV fulfilling the first level trigger, in 1 year of observation time.
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4.4.2.5 Coincidences between floors

As mentioned in the previous subsection at high muon energies the contribution of astro-
physical events is dominant. During these initial studies a coincidence between OMs in
different floors was investigated as an option for a trigger. Even in the case of having each
of the two floors functioning independently, realized after the budget cut, these studies can
be proven very useful for the offline analysis of the data acquired, after the recovery of the
GRBNeT prototype. From the various studies conducted the most effective was found to
be the requirement of having at least 5 OMs with pulses above the 5 photons threshold in
coincidence in both floors. For establishing a time coincidence between pulses from OMs
in different floors a maximum time difference of 300 ns was required. The bundle energy
spectrum of atmospheric muon events fulfilling this requirement and their zenith angle
distribution are shown in Figure 4.15| . The equivalent plots for the muons produced by
neutrinos generated with an E~! spectrum are shown in Figure As it is demonstrated
in these plots, the requirement of having 5 OMs with pulses above the 5 photons threshold
in time coincidence reduces the contribution of low energy muons (either atmospheric or
crated by neutrinos). At the same time the number of accepted events by this requirement
compared to those that satisfy the first level trigger is high for high energy events, reaching
above 50% for muon energies above 1 PeV.
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Figure 4.15: Bundle energy spectrum (left) and zenith angle distribution (right) of atmo-
spheric muons. Blue: 3 OMs producing pulses, in time coincidence, above the 3 photons
threshold (first level trigger). Magenta: 5 OMs producing pulses in time coincidence, above
the 5 photons level.

4.4.3 Final simulations and trigger studies

In order to fully take into account the response of the single 13” Hamamatsu R8055 PMTs
used in the GRBNeT OMs, new simulations were conducted. Also it had been decided that
the GRBNeT prototype would be deployed at a depth of approximately 3000 m. So for
these simulated events the geometry as well as the OMs used in the prototype that was
deployed and the actual deployment depth had been taken into account and the simulated
events were subsequently analyzed [83]. In this subsection the term N photons, or N photon
photom threshold refers to a single pulse produced by N photo-electrons. In the SeaTray
framework the variable “charge”, closely related to the ToT of the pulse, was used in the
simulation of the detector’s response to store this information.

A sample of low energy atmospheric muons had been generated, simulated and it was
used to confirm that the contribution of events with bundle energies Epynge < 100 GeV
is negligible. Then, three samples of atmospheric muons bundles had been generated with
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nating from neutrinos generated with a E~' unbroken power law. Blue: 3 OMs producing
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MUPAGE, with Eg,pqe > 100 GeV, 1 TeV and 10 TeV and livetimes of approximately 17
h, 4.6 days and 41 days respectively (and the response of the detector was consequently
simulated). Various combinations of local coincidences were studied with the aim of min-
imizing the contribution of atmospheric muon events to the trigger rate and at the same
time having a high efficiency on high energy muons produced by neutrinos. The trigger
requirement of 3 OMs producing pulses above the high acceptance threshold of 20 pho-
tons in time coincidence was chosen. Here, to establish time coincidence, a maximum time
difference up to 200 ns was required.

The conditions of 3 OMs producing pulses above certain thresholds in time coincidence
were applied to the first (low energy sample) using thresholds of 5, 10, 20 , 30 and 50
photons. By adopting the high threshold of 20 photons approximately 75 events per day
were expected to be triggered per floor. This event rate could have been very easily handled
by the electronics. Also less than 15% of these muon events had Epynqie < 1 TeV, already
indicating that the trigger has been adapted to favor high energy muon events.

After applying the trigger condition to the atmospheric muon sample with Epypnqe > 1
TeV, the expected trigger rate was found to be approximately 77 events per day per floor,
65 out of which belonging in the energy range of 1 TeV < Epynagie < 10 TeV. The rate
of triggered events can be considered comparable to that found by low energy sample
considering the statistical errors of these samples. The contribution of atmospheric muon
bundle events with higher bundle energies is really low due to the fact that the energy
spectrum of atmospheric muons is very steep. Finally the same trigger condition was
applied to the third sample with Ey,nqe = 10 TeV yielding consistent results.

To assess the impact of the trigger on muons produced by neutrinos, a sample of neutrino
events in the energy range 10 GeV to 100 PeV with a spectral index —1.4 had been generated
and the response of the detector was subsequently simulated. After reweighting these events
to the astrophysical diffuse flux of equation a trigger efficiency of approximately 15%
was found for muon events with energies E,, > 100TeV for the GRBNeT prototype. Also
more than 90% of the triggered events had E,, > 100TeV. Even though the trigger efficiency
has not been very high, which is expected considering that it refers to one detection unit
of the GRBNeT prototype, the final sample is a high purity sample of high energy muon
events.

The potential gain on the detection of high energy neutrinos, by sparsely instrumenting
the volume around an existing large-scale neutrino detector with autonomous units was
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also explored in [83]. For these studies the KM3NeT/ARCA detector geometry had been
used as and around it, 16 GRBNeT-type units had been positioned, equally spaced, in 2
concentric circles. A layout of the combined detector is shown in Figure For these
simulations all OMs (from the KM3NeT/ARCA strings and the GRBNeT-type units) had
been approximated by the multi-PMT KM3NeT DOM. Two different configurations for the
GRBNeT-type units were considered:

e Configl: 18 floors spaced by 36m distance (KM3NeT/ARCA type string)

e Config2: 6 floors spaced by 108m distance (simulated by masking the 2 floors fol-
lowing each unmasked floor).

In first configuration the increase of the number of OMs used compared to the KM3NeT/ARCA
detector was approximately 56% while in the second it was approximately 19%. Neutrino
events had been generated and the response of the detectors was simulated and the effective
areas of the different configurations were compared. Since for this study the main objective
was to use a trigger that favors high energy neutrinos, the requirement of having at least
12 OMs producing at least 2 pulses (from different PMTSs) in time coincidence was used.
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Figure 4.17: Layout of the KM3NeT/ARCA detector combined with the 16 GRBNeT-type
UNIts.

In Figure left the effective areas of the KM3NeT/ARCA detector and the ex-
tended geometries using GRBNeT-type units with the two configurations are presented.
As expected the effective areas of the extended geometries are larger than that of the
KM3NeT/ARCA detector. In Figure right, the ratio of the effective area of the ex-
tended L1 and L2 geometries over the effective area of the KM3NeT/ARCA detector are
also shown. The effective area of the second extended geometry is close to that of the
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KM3NeT/ARCA-like detector for low energy events. As the neutrino energy increases
though, this effective area also increases and approaches the values of the effective area
of the first extended geometry. The increase of the effective area of the second extended
geometry compared to the standard KM3NeT/ARCA- effective area ranges from 10% for
neutrino energies E, > 100 TeV up to more than 50% for E, > 10 PeV. Equivalently for
the first extended geometry the increase ranges from more than 50% for E, > 100 TeV up
to 90% for E, > 10 PeV.
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Figure 4.18: Left: The effective areas of the KM3NeT/ARCA detector (black) and the
extended geometries using GRBNeT-type detection units in blue and red respectively. Right:
Ratio of the effective area of the two extended geometries over the effective area of the
KM3NeT/ARCA detector in back and red respectively. Plots taken from [83).

4.5 Deployment

A test deployment took place on the 15th of October 2014. During this operation the naked
cross-shaped titanium latticed frame of a floor (without any other equipment attached
to it) was loaded to the oceanographic ship “R/V AEGAEO” of the Hellenic Center for
Marine Research[84]. Then it was taken to the open sea and it was submerged to a few
tens of meters below the sea-surface. This procedure ensured the smooth deployment of the
GRBNeT prototype since it allowed to the personnel of “R/V AEGAEQO” to get accustomed
to managing the unique shaped GRBNeT floors.

The GRBNeT prototype was deployed on the 28th of October 2015. It was assembled
at the pier of the port of Pylos the previous day. All the parts of the prototype had
been stored at the facilities of the NESTOR Institute [60], a few hundred meters from
the assembly location. Firstly the hard hats containing the empty Vitrovex glass spheres
used to provide each floor with buoyancy were attached to the cross-shaped titanium frame
(the main “body” of each floor). Also, at each floor, 4 deep sea cables were attached and
fixed to the titanium frame spanning from the position of the OMs to the positions of the
electronics unit and one from the position of the power unit up to the positions of the
electronics unit. Next, the power units were filled up to the brim with heavy paraffin oil,
sealed very carefully so that no air was trapped inside the container and were integrated in
the titanium frame. The oceanographic ship “R/V AEGAEQ” arrived at the port of Pylos.
The anchor unit, the main buoy unit, the ropes, the acoustic releases and the rest of the
necessary equipment were loaded on the deck of AEGAEO and the ship left the harbor.
In the evening, after the sun had set, the OMs arrived at the integration site. They were
placed at the end of the titanium arms facing horizontally and the deep sea cables were
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connected. Protective hard hats were placed on them until the actual deployment. The
electronics units arrived last. They were placed at the upper part of each floor and the deep
sea cables were connected (allowing the communication of the electronics with all 4 OMs).
At the same time the proper deep sea cable was connected to the power units, providing the
electronics with power. Prior to the electronics unit integration the clock of each electronic
unit had been synchronized with the same GPS clock. The HV control units of all OMs
had been programmed not to give power to the PMTs before a trigger by the FPGA was
received. So a timer was set to each FPGA counting for a period of 2 weeks at the end of
which this trigger was sent to the microcontrollers of the HV control units. The 2 weeks
period had been considered as a reasonable time period for the PMTs to be de-excited by
the light exposure during the integration procedure. After the integration procedure, the
2 fully integrated floors were left at the pier of the port of Pylos under the supervision of
coastal guard.

On the 28th of October 2015 at 08:00 AEGAEOQ arrived at the port of Pylos . Both
floors, were loaded on the deck of AEGAEO and they were safely placed in such a way to
eliminate the possibility of damaging any OMs or equipment by disturbances caused by the
sea or the weather. At about 09:00 members of the GRBNeT team embarked AEGAEO
and the ship left the harbor. The deployment site was reached in approximately an hour
and the distance from Pylos was around 20 km (or 12mi). The deployment site coordinates
were 36° 50.012'N 20° 30.003’E and the depth was approximately 2, 960m. The deployment
site position is shown in Figure which can be reviewed using the link [85] of Google
Maps.

Figure 4.19: Map of western Peloponnese with the exact position of the deployment site
marked.

When the site was reached the main engines of AEGAEQO shut down so that the propeller
would not cause any complications during the deployment, the ship was able to stay on
site by using the dynamic positioning GPS system and its bow thrusters. Even though
AEGAEOQO was equipped with a stern hydraulic A-frame, the unique design of the GRBNeT
floors made the use of the A-frame very inconvenient, so the main crane was used for the
deployment. All parts of the prototype were deployed successively starting from the anchor
unit. The anchor unit was submerged by 100 m and it was safely attached to the side of
the ship. Two releases, connected in parallel, were attached to the main rope and to the
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anchor unit. The whole configuration was lowered so that the releases were deeper than
the lower part of the keel of AEGAEO and the main rope was once again securely attached
to the side of the ship. Next, the two floors were deployed. Each floor was attached to
the main rope by its own rope system, it was lowered to the sea surface, then submerged
deeper than the depth of the keel of AEGAEO and the main rope was securely attached
to the side of the ship. Extra care was taken during the deployment of the floors so that
their distance from the ship was adequate and while they were submerged to a depth larger
than the keel of the ship no contact between the floor and the ship occurred. The two LED
beacons were placed in the middle of the distance of the two floors. Then the main bouy
unit was deployed following the same procedure.

Above the bouy unit, the upper end of the main rope was connected to an acoustic
release which was connected to a wire rope with length more than 3000m controlled by
a winch of AEGAEQ. The submerged prototype was then lowered slowly with the winch
until the anchor was approximately 100 m above the seabed. Then an acoustic signal was
transmitted to the release attached to the wire cable and the prototype was left in free
fall for the last 100 m. Here it should be mentioned that the anchor unit (including a
metal chain and a rope) was specifically designed to allow, after the anchor had reached the
seabed, enough space and time to the buoyant floors to decelerate, so to prevent them from
reaching the seabed. Then the floors ascended up to the point where the whole prototype
remained vertical due to the buoyancy and the weight of the anchor. The whole procedure
was completed in approximately 3 hours. Finally the cable wire was pulled to the surface
with the acoustic release still attached and the ship returned to the port of Pylos. In Figure
two photographs taken during the deployment of the GRBNeT prototype are shown.

Figure 4.20: Left: Deployment of the main buoy unit. Right: Deployment of the lower
floor.

4.6 Recovery

The GRBNeT prototype was scheduled to function for a time period of approximately 6
months. Nevertheless, it was decided to leave the prototype submerged for more than 1
year to assess any potential effects, such as water leakage and the effect of the pressure
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on the power unit, for a longer time period. Approximately one and a half years after the
deployment, on the 11 April 2017, a sea expedition was organized for the recovery of the
prototype. Once again “R/V AEGAEQO” was employed. Once AEGAEO had reached the
deployment site an acoustic signal was emitted and the releases of the prototype, located
just above the anchor unit, released the the prototype from the anchor unit. The prototype
surfaced in less than 1 hour. The procedure was smooth and the ropes were not entangled.
The overall condition of the prototype was excellent apart from some mild sedimentation
observed on the top of the OMs (Figure. In Figuretwo photographs taken during
the recovery of the GRBNeT prototype are shown.

Figure 4.21: A photograph taken right after the recovery of the prototype on-board
AEGAFEQO. The sedimentation can be observed along the scotch tape mainly on the top
side of the OM, as expected.
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Figure 4.22: Top: GRBNeT prototype floating on the sea surface. From left to right: the
main buoy unit, the upper and the lower floor. The releases still attached on the main
rope hold the lower floor a little more submerged than the upper one. Bottom: The upper
floor is being lifted on board AEGAEQ with it’s main crane while the lower one “is waiting
patiently” for it’s turn .



Chapter 5

Simulation and Reconstruction
Tools

5.1 General

The detector response to light produced by particles in the vicinity of the detector is
simulated using Monte Carlo (MC) based tools. The steps followed in the simulation -
reconstruction chain are listed below:

1. Generation of atmospheric muon bundles and neutrino interactions on the borders of
and inside a cylindrical volume referred to as the “can”.

2. Simulation of the light produced by the particles at the generation level.

3. Simulation of the response of the detector to the light produced by the particles and
triggering.

4. Reconstruction of the particle trajectory and energy using information on the time
and the position of the detected light.

The can is a cylindrical surface enclosing the instrumented volume and acts as a sep-
aration surface between the interior and the exterior volumes. All particles located out of
the can are considered as being sufficiently far from the detector so that any light produced
by them will not be detected. On the other hand, photons produced by particles located
inside the can are assigned a probability of being detected, so light production is simulated.
Geometrically the can is a cylinder concentric to the detector (also considered as a cylinder)
with user defined dimensions, usually having a radius approximately 200m (more than 3
times the absorption length in water) larger than that of the detector, the upper lid of the
can is located 200m above the upper lid of the detector and the lower lid is located on the
seabed since any light produced in the rock is absorbed. As mentioned in Chapter each
ARCA block can be approximated by a cylinder with radius ~ 503m and height ~ 612m.

In this chapter the most important tools used to simulate and reconstruct the Monte
Carlo events used for the physics analyses described in Chapters and [9 are described.

61
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5.2 Generation tools

5.2.1 GENHEN

GENHEN [86] [87] is a Monte Carlo generator of neutrino and anti-neutrino interactions
with matter, using the CTEQ6 [88] PDFs with NLO corrections to simulate the deep
inelastic scattering mechanism and the RSQ [89] to simulate the quasi-elastic and resonant
reactions. It was originally developed for the ANTARES experiment and is also used
by the KM3NeT collaboration. GENHEN generates both Charged Current (CC) and
Neutral Current (NC) neutrino interactions for all 3 neutrino flavors. The generation energy
spectrum follows a user defined power law and the energy range can span from 10 GeV up
to 1 EeV.

During the simulation procedure neutrinos are propagated through the Earth using the
Preliminary reference Earth Model [90] density profile. For neutrinos interacting outside
the can, the maximum possible distance of the particles produced (muons and t leptons)
is compared to the distance from the interaction vertex to the can. In case these particles
are able to reach the can detailed simulations are conduced and they are transported to
the can, otherwise they are disregarded. The propagation of muons is performed with
MUSIC [91]. For neutrinos interacting inside the can all secondary particles are simulated
and recorded. During the simulation, for each event, weights are calculated and recorded
to the final output to account for the probability of transmission through the Earth, the
probability interacting in the generation volume, as well as the generation spectrum. These
weights are used when analyzing MC events, to reweight them to any user defined neutrino
flux.

Staring from version v7r5 [92], a new feature has been added to GENHEN. Since GEN-
HEN already propagated muons created by v, and 7, CC interactions from the interaction
vertex to the can, the option to propagate, from the sea surface to the can, particles (muons
and neutrinos) generated using other simulation programs like CORSIKA was added. For
muons the energy losses are taken into account as they are propagated from the sea surface
to the can, while neutrinos are geometrically propagated. For events with multiple neutri-
nos, the user chooses beforehand if all of them or just one will interact. If only one neutrino
is chosen to interact per event, then in case there are multiple neutrinos in the events the
one forced to interact can be chosen either randomly or by a formula assigning higher prob-
ability to neutrinos with higher energies. In all cases, proper weights are calculated taking
into account the probability of transmission through the Earth, the probability of interact-
ing in the generation volume and the weight created by the simulation code producing the
particles at the sea level. These weights are written in the output.

5.2.2 MUPAGE

MUPAGE [76] is a fast Monte Carlo generator of atmospheric muons for underwater /ice
detectors, originally developed for the ANTARES experiment and also by KM3NeT collab-
oration. Single or multiple muon (muon bundle) events are generated on an underwater can
at a depth that is defined by the user. MUPAGE uses parametric formulas obtained by full
HEMAS simulations assuming a specific CR model constrained by MACRO measurements
of the atmospheric muon flux [93]. The multiplicity and the energy of the muons in a
bundle are modeled as a function of distance from the axis of the shower. The parametric
formulas are valid for muon bundles with zenith angles ranging from 0° up to 85° and for
water (or water equivalent) vertical depth of the lower lid of the can ranging from 1.5 to
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5.0km. With MUPAGE the time needed for the generation of muon bundles at the can
is significantly short, thus making it possible, without requiring excessive computational
resources, to generate atmospheric muon events with considerable livetimes.

5.2.3 CORSIKA

The CORSIKA (COsmic Ray SImulation for KAscade) program [94] is currently the most
widely used simulation tool for atmospheric shower events initiated by cosmic ray particles,
photons or neutrinos. All muons and neutrinos produced by the cosmic ray particle inter-
actions in the atmosphere are recorded at the sea level. In KM3NeT the propagation of
these particles to the can is conducted with GENHEN (chapter , or the propa code
[95]. Chapter [6]is devoted to simulations with CORSIKA in KM3NeT.

5.3 Light simulation tools

5.3.1 KM3

After the generation step, the light produced by the particles in and on the can is simu-
lated with the KM3 program [87][96]. KM3 generates and propagates light produced by
muons and electromagnetic showers created either by electrons originating from v, and 7
CC interactions or bremsstrahlung photons from muons, in the sea water. Since simulating
all possible interactions of each photon is an extremely CPU demanding process, KM3 uses
tables containing information about the Cherenkov photon wavelength dependence produc-
tion, absorption and scattering created by full GEANT simulations. Muons are propagated
with MUSIC'; the muon tracks are divided in small segments (compared to the size of the
detector) and for each segment Cherenkov photons are produced. For electromagnetic
showers and highly energetic radiative losses from muons (also handled by MUSIC), light
is produced according to the shower energy making use of electromagnetic-shower photon
tables. All photons are tracked until they leave the can or get absorbed. Finally, the prob-
ability of a PMT to have been hit by photons, for all PMTs, is calculated using photon
tables, taking also scattering into account. At this case the time of the incidence and the
direction of the photon are recorded.

5.4 Simulation of the detector and triggering

5.4.1 JTriggerEfficiency

The next step is the simulation of all photons reaching the PMTs, originating either from
particles created by neutrino interactions or atmospheric muons. Neutrino detectors de-
ployed in the sea, suffer from the background of photons created by the byproducts of the
radioactive decays of “°K which is abundant in the sea water. The effect of this background
is modeled as random hits with a rate rl at each PMT and hits in 2, 3, 4 and 5-fold coin-
cidences between different PMTs of the same OM with rates r2, r3, r4 and r5 respectively
and it is taken into account at this step of the simulation chain. So, the final steps of the
simulation process, apart from the simulation of optical noise due to “°K decays, include
the simulation of the response of the detector to all photons and the triggering. These are
handled in the Jpp framework [97], the official simulation and analysis framework developed
in the KM3NeT Collaboration.
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JTriggerEfficiency [98, Q9] is the Jpp module that performs the simulation of the PMT
response to photons (either form particles created by neutrino interactions and atmospheric
muons or by the byproducts of the radioactive decays of “°K). First the geometry of the
detector is loaded as well as a calibration file containing the efficiency of the PMTs. Then
the background from “°K decays is added. The values used for the rates have beed: r1 =
5000, r2 = 500, r3 = 50, r4 = 5 and r5 = 0.5 Hz. The response of the PMTs is simulated
next converting the simulated light to the output pulses produced by each PMT. The
characteristics of the PMTs used in KM3NeT are taken into account as well as the effect
of the readout electronics. The time of arrival and the Time over Threshold (ToT) of each
pulse (having a maximum value of 255 ns due to the PMT saturation effects at around 40
simultaneous photoelectrons [69]) are calculated and recorded.

The lsat step of the chain is the simulation of the trigger response. When a set of
predefined conditions (trigger) is satisfied all detector activity is recorded (physics event).
The triggers are optimized for the detection of muons or neutrino induced showers. In
order to filter out the major contribution of the noise due to *°K the trigger algorithm
takes into account only hits from multiple PMTs in each DOM. A coincidence, in a short
time window (At = 10 ns), of 2 or more hits from different PMTs is required for the hits
to be considered for the triggering. Also the angle between the axes of the PMTs under
consideration is required to be at maximum 90°. Using this information, clusters of causally
connected hits in a spherical (shower-like) or cyclical (track-like) geometry are formed and
an event is triggered when such a causally connected cluster comprises at least 5 OMs.

5.5 Reconstruction tools

5.5.1 Cascade reconstruction A AshowerFit

The most commonly used cascade reconstruction in KM3NeT is AAshowerFit [69] which
takes full advantage of the KM3NeT mulpti-PMT DOMs. AAshowerFit is used to recon-
struct the position of the shower maximum, which in the energy range of interest of ARCA
can be up to a few meters away from the neutrino interaction vertex, as well as the shower
direction and energy. First selection and merging of hits in the DOM is performed and
the vertex position is fitted by a minimization of the time residuals assuming a spherical
expanding shell of light. Using MC simulated events the accuracy of the vertex estimation
was found to reach values well below 0.5m in the high energy regime. A maximum like-
lihood method is used for reconstructing the shower direction and energy. All PMT hits
within a certain time window around the time a direct photon from the vertex is expected,
are used and the probability of having recorded one or more hits is fitted. This probability
is estimated from simulations as a function of PMT distance and pointing direction to the
shower, angle from the shower axis to the PMT position, and electromagnetic-equivalent
cascade energy. For high energy v, CC events having the neutrino interaction vertex inside
the volume of the KM3NeT/ARCA detector, the 1o energy resolution is approximately 5%
while the 10 median directional resolution is of the order of 1.5°, as shown in figure [5.1

5.5.2 Track reconstruction

The track reconstruction algorithm providing the best results includes a series of Jpp mod-
ules. The chain used for the directional reconstruction (hereafter JGandalf chain) com-
prises 3 different modules [I00] [69] [I0I]. The first module, JPrefit, performs a full solid
angle scan using causally related PMT hits for a linear fit. The second module, JSimplez,
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Figure 5.1: Directional (left) and energy resolution (right) for contained v, CC events.
Black line: median value, blue band: 68% quantile and cyan band: 90% quantile. Figures

from [69]

is based on the results of the previous step and on an M-estimator fit. The last mod-
ule, JGandalf, utilizes the results from JSimplex and performs a likelihood fit using the
Levenberg-Marquardt method. The Probability Density Functions (PDFs) are built using
information about the Cherenkov light from the muon, the light from muon energy losses
(ionization and bremsstrahlung) as well as the random optical background. In Figure
left the expected angular resolution for v, CC events is presented. For neutrinos with
E, > 100 TeV a median angular resolution of less than 0.1° can be reached.

KM3NeT Preliminary

25
KM3NeT I 10 TeV <E, <10 PeV - E? spectrum
10 [ Entries 42154
— 20f c 17.44

counts (a.u.)

[

Angular resolution [°]

I% Mean 0.009654
L Sigma 0.2024
15} f{ \ ]
10} ]

107t \\\ 55 j \
. : J o\

—GI.S -1 -05 O 1.5

05 1
10° 10 10° 10° 107 a [Ge\l/(J)s Iogm(Eu/Erem)

1072

Figure 5.2: Resolutions for v, CC events using the JGandalf chain after posing requirements
on the reconstruction quality parameters in order to remove misreconstructed events. Left:
Angular resolution. Black line: median value, blue band: 68% quantile and cyan band:
90% quantile, red line: median of the distribution of the angle between the neutrino and
the muon at the interaction vertex. Figure from [69]. Right: Energy resolution for muons
from v, CC interactions following an E,? power law energy spectrum. A Gaussian fit is
overlayed

For the muon energy reconstruction the module JEnergy [102] uses the output of JGan-
dalf to identify the PMTs in the road width of the passing muon. Then a likelihood fit is
performed on the muon energy. In figure [5.2] right the energy resolution for muons from
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CC interactions of v, with an E; 2 power law energy spectrum is presented. The resolution
of the logarithm of the muon energy for the energy range indicted is approximately 20%.
The last step of the track reconstruction chain is the the neutrino interaction vertex finding
which is performed by the JStart module. Using the reconstructed track direction a one
parameter scan is performed to locate the optimum point for the neutrino interaction along
the reconstructed track.



Chapter 6

Atmospheric Air Shower
Simulations

6.1 CORSIKA

Atmospheric muons constitute the most prominent background for neutrino telescopes.
They are created by Cosmic Rays (CR) interacting with the particles of the atmosphere.
Even though muons can travel several kilometers in sea water, ice or rock before loosing their
energy reaching underwater and underground neutrino detectors, or detectors deployed in
the polar ice, they can not cross the Earth, so up-going atmospheric muons can not reach
the neutrino detectors. When CRs interact with atmospheric particles, neutrinos ( v,
Uy, Ve and 7 ) are also produced. These atmospheric neutrinos can reach the detectors
from all directions and they can not be distinguished from astrophysical neutrinos on an
event by event basis. Detailed study of atmospheric muons and atmospheric neutrinos is
important in order to understand and suppress the contribution of these backgrounds to
the astrophysical neutrino signal events. To this end simulations need to be conducted.
The most common simulation strategies are described in the following paragraphs.

The first strategy is to use neutrino generators and then reweigh the generated neutrino
events using an atmospheric neutrino flux. For the atmospheric muon background, tools
such as the MUPAGE program (see chapter have been created for fast simulation
of atmospheric muon events at a certain depth of water (or water equivalent). Using this
approach large samples of both atmospheric neutrino and atmospheric muon events can be
generated fast, without requiring a large amount of computational resources. The drawback
of this approach is that two different samples are generated while in reality atmospheric
neutrinos and muons are created in the same showers, so an atmospheric neutrino can
interact in the detector while a bundle of muons created at the same shower crosses the
detector at the same time. By simulating two different samples of atmospheric events
(one sample of neutrinos and another unrelated sample of muons) there is no possibility to
conduct studies requiring the combined. Self veto refer to the identification of atmospheric
neutrinos by detecting incoming muons to the detector created at the same atmospheric
shower. By exploiting this effect it is possible to reject downgoing atmospheric neutrino
events thus enhancing the contribution of astrophysical neutrinos. These events can be used
as purely atmospheric events for analyses focusing on the energy correlations of muons and
neutrinos created at the same atmospheric showers, or for analyses focusing on the detection
of the prompt atmospheric flux.

This possibility is provided by the second strategy which is: fully simulating atmospheric
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showers created when CRs interact with particles of the atmosphere. To this end the
COsmic Ray SImulation for KAscade - CORSIKA program [94] is the most widely used
simulation tool. CORSIKA fully simulates atmospheric shower events initiated by CR
particles, photons or neutrinos. Different models can be chosen for the high and low energy
interactions of particles. The particles created by each interaction are tracked until they
interact with other particles, decay or reach the user defined level of observation. CORSIKA
is a sophisticated and complex program in which interaction models and other parameters
are defined by the user and a lot of computational power is needed to simulate a small sample
of shower events. Even though CORSIKA simulations are computational intensive the
output obtained is much more realistic compared to that obtained by using the previously
mentioned (first) strategy. Since computational constrains do not allow, yet, for as large
samples simulated by CORSIKA as with the first approach, both the above strategies are
used in neutrino detection experiments.

In KM3NeT a large production of CORSIKA simulated events is foreseen. In order to
investigate the impact of different high energy interaction models and other parameters,
four different high energy interaction models were used to create smaller productions. The
chosen high energy interaction models are QGSJET 0l¢, QGSJETII-04 and EPOS LHC
from CORSIKA version 74005 and SIBYLL 2.3 from CORSIKA version 75000. For all
productions the low energy interaction model used was GHEISHA 2002d. In the following
section the most important non default parameters used for these simulations will be
elaborated [103] [104].

6.2 Parameters used in the simulations

6.2.1 General

While compiling CORSIKA the user is asked to choose from a number of parameters, or
program options, that will be used for the simulations. As an example the user can chose the
manner that particles containing a charm quark will be treated; they can either be treated
implicitly by the high energy hadronic model or they can be treated explicitly taking fully
into account their cross-sections and their lifetimes. After the successful compilation of
CORSIKA these options cannot be modified or changed; to change them a recompilation is
required. The steering parameters for the simulation are specified in a datacard. Unlike the
program options, these parameters are used only to steer the specific simulation and can be
changed between different CORSIKA executions. Such parameters are the CR spectrum
index and the energy range used for each simulation.

6.2.2 Program parameters

Detector Geometry

The default contribution of the CR primary intensity is optimized for a flat detector. Since
the KM3NeT/ARCA detector is not flat, the default option was not used. Instead, two
different options were tested. The first option was VOLUMECORR . for which the CR
primary intensity distribution with respect to the zenith angle 6 is:

I o< (d)2)* - sinf - (cosd + 4/ -1/d - sinf) (6.1)

where [ is the length and d is the diameter of the detector. For ARCA [/d ~ 0.65.
Nevertheless, as indicated in the CORSIKA user guide, while the VOLUMECORR . op-
tion is optimized for detectors with a long vertical shape (like a string) the shape of ARCA
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is more similar to a sphere rather than to a long vertical string. Consequently the VOL-
UMEDET option was also tested for which the primary intensity distribution with respect
to the zenith angle () is:

I x sind (6.2)

This primary intensity distribution respects only the solid angle element of the sky. The
different intensity distributions for both options are shown in Figure [6.1
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Figure 6.1: The primary intensity distribution using options VOUMECORR, in red, and
VOLUMEDET, in blue.

Neutrinos

In order to take into account the exact kinematics of the two or three body decay of
charged pions, kaons (leptonic modes) and muons to neutrinos (v, 7, ve and 7 ) option
the NEUTRINO was used. Neutrinos are also tracked through the atmosphere down to
the observation level disregarding any (highly improbable) interactions with atmospheric
nuclei.

Charmed particles and tau leptons

Particles containing a charmed quark, can either be treated explicitly taking fully into ac-
count their cross-sections and lifetimes with the selection option CHARMed, or they can
be treated implicitly by the high energy hadronic model. In case the option CHARMed
is selected tau leptons are also considered and their interactions and decays are simulated.
Option CHARMaed is only compatible with interaction models allowing for charmed par-
ticles to be treated in this manner. The high energy interaction models compatible with the
option CHARMed are QGSJET 01 from CORSIKA version 74005 and SIBYLL 2.3 from
CORSIKA version 75000. For productions using another high energy interaction model
(not compatible with the option CHARMed), the option TAULEP was selected. This
option allows for a similar treatment of t leptons as with the option CHARMed, so the
treatment of t leptons was enabled in all productions.

Atmosphere

In the standard CORSIKA atmospheric models, the atmosphere is approximated by a flat
disk with density varying as the altitude changes. This approximation is not valid for CRs
with zenith angles larger than 70°, since for these zenith angle the curvature of the Earth’s
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atmosphere becomes important. Since the goal is to produce a sample of CR showers with
(almost) full sky coverage, the simulation of events with larger zenith angles is necessary.
For our purpose the option CURVED was selected. Using this option, for large zenith
angles, the shape of the atmosphere is not considered as a flat disk but the curvature of the
atmosphere is taken into consideration. In addition, ionization and radiative energy losses
as well as the deflection of the CR primaries by the magnetic field of the Earth are taken
into account, from the point the CR primary enters the atmosphere up to the point the
first interaction takes place (which are deactivated in the standard compilation).

The option UPWARD which enables the treatment of up going particles, was also se-
lected. This is necessary for simulating shower with zenith angles larger than 90°. Even
without the use of the option CURVED, CORSIKA allows for simulation of showers with
zenith angles 110° < € < 180° as long as the option UPWARD is also selected. In our
case the option UPWARD was used to make sure that all particles are considered in the
simulation for the case of showers created near the horizon.

Finally the option ATMEXT which allows for the use of externally tabulated atmospheric
models was also selected for the compilation of CORSIKA. With the appropriate steering
parameters, this option allows for either choosing of one of the tabulated atmospheric mod-
els included in the bernlohr package or defining a user-provided model.

Precursors of muons and neutrinos

All particles that reach the observation level are written in the output file along with their
position, momentum and time (with respect to the first interaction of the CR particle) at
the observation level. In order to be able to identify the parent particle of each neutrino or
muon written at the observation level additional information is required. Option EHistory
allows for that additional information to be written in the output file, as long as this is
specified in the datacard that steers the simulation. By selecting EHistory the momen-
tum, position and interaction time of both the “mother” and the “grandmother” particles
of neutrinos, muons and electrons can be written in the output file. This information is
critical for studies involving the prompt atmospheric fluxes since the only way to distin-
guish between particles of the conventional or the prompt atmospheric flux component is by
determining if their mother or grandmother particles had a charm quark. The information
of the parent particles can be also useful to studies focusing on mother pions or kaons (and
their ratios) responsible for creating atmospheric muons or neutrinos.

6.2.3 Steering parameters

Primaries

The primary CR particles simulated were p, He, C, N, O, Mg and Fe. This makes it possible
to use various models to derive the neutrino and muon fluxes, like the H3A, H4A[8] and
GST [9] models. The parameter used to specify the primary to be used for the simulation
is PRMPAR.

Generation spectra and limits

The generation spectral index is defined with the parameter ESLOPE, and the param-
eter ERANGE is used to define the lower and upper energy limits. An E~! power low
spectrum for the energy range from 1 TeV up to 1 EeV was simulated in order to enhance
the contribution of the high energy part of the spectrum. Although the dependence of
the intensity of the CR primaries on the zenith angle was predetermined by the detector
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geometry (Section , the range of the zenith and the azimuth angles used in the sim-
ulation of the showers was defined by parameters THETAP and PHIP respectively. In
the simulations conducted azimuth (¢) angle ranged from —180° up to 180° (so the whole
sky), while the zenith () angle ranged from 0° up to 87°.

Minimum Particle Energy

In order to save computational resources the user is able to specify the minimum kinetic
energy below which the particles will not be tracked by CORSIKA using the parameter
ECUTS. Four different energy cuts are required: for hadrons (in case of nuclei this energy
cut is applied on the energy per nucleon) and neutrinos, for muons, for electrons and finally
for photons and 7's.

As we are primarily interested in muons reaching the detector and in neutrinos with energies
E, > 1 TeV, the energy cuts were set to 1 TeV or to 0.5 TeV, depending on the primaries.
In order to find the energy cut for muons the deployment depth of ARCA, 3500 m, was
considered along with the fact that the upper DOM is located approximately 700 m above
the sea bed. Since ARCA is optimized for the detection of high energy events, the minimum
muon energy at sea level was determined by the requirement that muons, assuming a purely
downgoing trajectory, after traveling through 2600 m of water should have energy at least
of tens of GeVs. The Bethe-Bloch formula was used to estimate the energy losses that
a muon traveling in water suffers.

dE _
de

The first term accounts for the continuous losses due to ionization and the second one for
the stochastic losses due to bremsstrahlung, pair production and photonuclear interactions.
Here the values used were a = 0.274 GeV/m and b = 3.485 - 10~* m~! as reported in [105]
assuming an average sea water density of 1.025 kg/m3. Also considering the information
provided by the muon propagation program MUSIC [91], purely downgoing muons with
energy 1 TeV have a probability of ~ 20% to survive a distance of 2600 m of water equiv-
alent as shown in Figure Here it should be mentioned that these productions were
created in order to find the best parameter values to be used for the full scale production
so these energy cut will be refined and modified for the full scale production.

a(E) + b(E) - E (6.3)

Atmospheric and magnetic field models

The Earth magnetic field of 44.7 nT with declination 3.2° and inclination 51.55° used for
the simulations was extracted from [106] in [95] for the location of the ARCA detector.
This is defined by the parameter MAGNET.

During these simulations the main atmospheric density model used was a user defined one
not included in the bernlohr package, by assigning value 0 to the parameter ATMOD. This
user defined model [95] was a five layer approximation of the yearly averaged atmospheric
density above the ARCA deployment site extracted from [I07]. The density of the lower
four of the five layers was defined (parameters ATMA, ATMB, ATMC and ATMLAY)
and for the fifth layer a linear decrease of the density was assumed. Simulations were also
conducted using two different atmospheric models, one using an atmospheric density profile
corresponding to the atmosphere above the ARCA deployment site at summer time and
the other at winter time.

Precursors of muons and neutrinos
By activating option EHistory the possibility of saving the additional information men-
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Figure 6.2: Survival probabilities for muons with different energies, as a function of the
water equivalent depth by MUSIC. Plot from [91).

tioned in Section [6.2.2] in the output files for muons and neutrinos is activated. To have
this information written in the output files parameters MUADDI and NUADDI (for
muons and neutrinos respectively) need to be set to true (T) in the datacard steering the
simulation.

6.3 CORSIKA productions for KM3NeT

Ysing the program and steering parameters mentioned in sections [6.2.2] and [6.2.3] respec-
tively, five major and four minor productions were simulated with CORSIKA. In table
the high energy hadronic models used in the major productions, the options CHARMed
and TAULEP and the number of simulated showers using protons and each of He, C, N,
O, Mg and Fe as primaries, are indicated. In all five major productions:

e the low energy interaction model used was GHEISHA 2002d

e the atmospheric density model corresponding to the yearly averaged atmospheric
density above the ARCA deployment site was used

e for the simulated primaries the energy range used was from 1TeV up to 1EeV, the
energy spectrum followed an E~! power law and the zenith range from 0° up to 87°.

Even though the high energy interaction model QGSJET 0lc was one of the older
models in CORSIKA, it was chosen for two productions, one with the option CHARMed
and the other without it, in order to check the impact that option CHARMed has on the
neutrinos and muons at sea level. In CORSIKA version 74005 the high energy interaction
model SIBYLL 2.1 was also compatible with the option CHARMed, but even at the time
of the release of the CORSIKA version it was already known that an update on the SIBYLL
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HE interaction CHRAMed TAULEP num of showers num of showers

model primary p per primary
for heavier primaries
1  QGSJET Olc No Yes 108 2-10°
2  QGSJET Olc Yes No 100 2-10°
3  QGSJETII-04 No Yes 100 2.10°
4  EPOS LHC No Yes 100 2.10°
5 SIBYLL 2.3 Yes No 10° 2.10°

Table 6.1: High energy models, CHARMed and TAULEP options used for the five major
productions. Also the number of simulated showers using p and each of He, C, N, O, Mg
and Fe as primaries are shown.

model was expected at the next release. Thus QGSJET 01c¢ was chosen to investigate the
impact of the option CHARMed.

The first four productions indicated in table were simulated in two steps. First, all
the showers using protons as primaries were simulated and then all the showers using as
primaries heavier nuclei. For those showers using protons as primaries all four energy cuts
were set to 1 TeV while for those using heavier nuclei as primaries all four energy cuts were
set to 0.5 TeV. In the last production of table where SIBYLL 2.3 was used as high
energy interaction model all four energy cuts were set to 1 TeV for all simulated showers
irrespective of the primary used.

Apart from the productions mentioned in table four smaller productions were
also simulated. In the three productions described below, the high energy interaction
model SIBYLL 2.3 and the low energy interaction GHEISHA 2002d model were used with
CHARMed option.

e This minor production is identical to production five of Table with the only differ-
ence that the atmospheric model of the U.S. standard atmosphere as parameterized by
Linsley included in the bernlohr package of CORSIKA [104] was used. Even though
this has the same number of showers simulated as all the major productions, it is not
included in the list since the differences from production five of Table are minimal.
Here as well, all four energy cuts were set to 1 for all simulated showers irrespective
of the primary CR used.

e For the second minor production the atmospheric model used was approximating
the atmospheric density profile corresponding to the atmosphere above the ARCA
deployment site at summer time. For this production only proton primaries were
simulated and only 10° showers. All four energy cuts were set to 1 TeV.

e For the third minor production the atmospheric model used was approximating the
atmospheric density profile corresponding to the atmosphere above the ARCA deploy-
ment site at winter time. For this production only proton primaries were simulated
and only 10° showers. All four energy cuts were set to 1 TeV.

Finally one more production was simulated. The parameters used for this production
were the same as production five of Table with the difference that the minimum CR
primary energy was set to 200 GeV and more importantly the energy cut used for hadrons



74 CHAPTER 6. ATMOSPHERIC AIR SHOWER SIMULATIONS

was set to 1 GeV, for muons also to 1 GeV, for electrons to 200 GeV and for photons
and 7V to 1 TeV. It should be mentioned that the default values used for the energy
cuts are 0.3, 0.3, 0.003, 0.003 GeV respectively. In this production 1000 showers were
simulated in 10 runs (making 100 shower per run). The average cpu time needed per
run was approximately 15000 s, so the average cpu time per shower was 150 s. In major
production five, where the ECUTS values were optimized so not to loose any muon events
reaching the ARCA detector (paragraph “Minimum Particle Energy” of Section , the
average cpu time needed per shower was ~ 6.5 s, that is more than 20 times faster. This
tiny statistics production was simulated just to illustrate that in order to be able to simulate
a production with reasonable statistics, parameter ECUTS needs to be tuned in such a
way that the average simulation time of each shower will be reasonable while, at the same
time, no useful events to the physics analyses are lost due to high energy cut values.

6.4 Weighting CORSIK A events with a CR spectrum

In all productions simulated, an Eprim_l power law energy spectrum of CR primaries was
used to enhance the statistics in the high energy part of the distribution. Since this is not
a realistic CR spectrum, the events obtained need to be reweighted to the actual primaries
CR energy spectrum. By weighting the events a value (weight) is assigned to each event, so
the generation flux can be transformed to the chosen CR flux. The first step is to extract
the flux used in the CORSIK A simulation, hereafter foo. The weight of each shower event
is the ratio of the chosen CR flux, hereafter fogr, over the flux used in the CORSIKA
simulation.

In CR flux models, like [§] [9], an isotropic CR flux is assumed in the solid angle
element d2, so any dependence on the zenith angle used in CORSIKA simulationsE] should
be eliminated. In those productions at which the option VOLUMEDET was used, the
primary intensity distribution was already isotropic in d{). Since the Ep.; ! power law
was used in the simulations:

fco=a- E;im (6.4)
The constant a in equation can be determined by considering that the integral of
fco(Eprim) in dEpri, and d€2 is equal to the number of simulated showerﬂ7 hereafter
Ngim, s0 in this case:

Epwlm max 2T 87¢
/ / fCO (Eprim) dQ) dEpm'm — 1Vsim (65)
E;m"im min 0 0°
resulting to:
Epm'm max 27 87¢ 1
0= Num/ / EL dQdEpim (6.6)
Eprim min 0 0°

In productions not using the option VOLUMEDET, the flux was not isotropic in df2.
This should be taken into account for the correct calculation of the weight. In our case,
where the VOLUMECORR option was used, the dependence of the intensity on the
zenith angle (#) is shown in equation (6.2), so the flux used in the simulation is:

fco=a-E;} - (cosh+4/m-1/d- sind) (6.7)

prim

'In CORSIKA simulations a flat spectrum in azimuth is assumed.
2Here the number of simulated showers refers to the initial number of simulated showers and not to the
number of shower with particles reaching the observation level.
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Again the constant a of equation (6.7)) is determined by requiring the integral of foo(Eprim, 0)
in dEppim and dQ to be equal to the number of simulated showers (Ng;p,), so:

Epm"m mazx 2T 87¢
/ / fCO (Epm'ma ‘9) aQ dEpm'm = IVsim (68)
0 0°

Epm'm min

resulting to:

Eprim mazx 27 87°
a = Nyim/ / E i - (cos0 +4/m-1/d - sind) - sinf df dé dEprim  (6.9)
Eprim min 0 0°
In both the above cases, either if there is a dependence on the zenith angle during the
simulation or not, the weight of each shower event is:

Weight = J{CR (6.10)

co
where fco is found by the equations or respectively. At this point extra care
should be given to the units in which each of the fluxes is measured. In CORSIKA length,
time, energy and solid angle are measured in cm, s, GeV and sr respectively, so foo is
measured in GeV~! s™! ecm™2 sr~!, while most fluxes, like in [§] [9], are given in GeV~!
s~ m=2 sr~!. Before finding the weight for each event both fluxes should be measured in
the same units.

The weight as defined in equation is, in general, dependent on the energy E,im
and the zenith angle 0, of the CR primary. When this weight is applied, the CR primaries
are forced to follow the flux for instead of the non physical foo used in the simulation. In
the CR flux models more than one primaries are used, so to correctly weight the simulated
events the above weighting technique should be followed for each simulated primary and the
final flux is the sum of the fluxes produced by each primary. Since each shower is assigned
in equation all muons and neutrinos from the same shower have the same weight.
After weighting neutrinos or muons with this weight the result is the expected rate (number
of particles) per unit area and unit time (where area and time have the same units as those
used in the fluxes) at the observation level, assuming the cosmic ray primaries used follow
the flux for. For a binned histogram of the expected flux of particles at the observation
level, the binning of the histogram needs to be taken into account, so each particle with a
certain energy and within a certain solid angle needs to be weighted by the weight in
divided by the corresponding bin width in energy and in solid angle.

6.5 Evaluating the impact of CHARMed option

The first teo major productions were generated using the same options with the exception
of TAULEP and CHARMed which have been activated in each production respectively.
These productions make it possible to compare particles at observation in order to reveal
the impact of the parameter CHARMed.

In Figures 6.3 and various physical parameters of the particles created in these
productions are compared. In these plots unweighted events were used, so they illustrate
the differences between the two productions assuming the nonphysical E~! (generation)
spectrum and do not contain information that can be directly related to a particle flux.
Nevertheless, since the CR spectrum can be roughly approximated by an E=27 power law
[3] and the simulated CR showers have energies that range in six orders of magnitude, these
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Figure 6.3: Upper left: Logarithm of the bundle energy of all muons created at each shower.
Upper right: Logarithm of the energy of the most energetic muon created at each shower.
Lower: Number of muons reaching observation level for each shower. In all figures solid
lines are used for particles created at showers where the primary CR particle is a proton
and dashed lines when the primary CR particle is a ggFe nucleus. For both CR primaries:
black lines are used for the production without the CHA RMed option and red lines for the
production with the CHARMed option activated.

plots can be used to enhance and detect subtle differences between the different productions
which might not be prominent after the convolution with the CR spectrum.

In Figure [6.3] a comparison of the bundle muon energy, the energy of the most energetic
muon and the number of muons produced in each shower are shown. Even though seven
different primaries were used for the simulations, here the results of only protons and ggFe
nuclei, the lighter and the heavier primaries, are compared. In both energy plots the
difference in the low energy part between the two primaries is due to the different energy
cuts, as already mentioned in From the upper right plot where, the energy of the
most energetic muon is presented, it seems that by using the option CHARMed the most
energetic muons produced in the proton induced showers have slightly higher energies. A
similar effect is true for muons produced by iron induced showers but this time it is much
less prominent. By comparing the upper left and the lower plots where the bundle energy of
muons and the number of muons in a shower are shown respectively, activating the option
CHARMed does not seem to influence the distributions.

In Figure a comparison of the total energy of all neutrinos and of the energy of
the most energetic neutrino are shown. From the upper plots, where the neutrino bundle
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Figure 6.4: Upper: Logarithm of the bundle energy of all neutrinos created at each shower
using as CR primaries left: protons and right: ggFe nuclei. Lower: Logarithm of the en-
ergy of the most energetic neutrino created at each shower using as CR primaries left:
protons and right: ggFe nuclei. Black solid lines: neutrinos from the production with-
out the CHARMed option, magenta solid lines: neutrinos from the production with the
CHARMed option activated, red dashed lines: from the second production neutrinos having
a charmed precursor and blue dashed lines: neutrinos from the second production neutrinos
not having a charmed precursor.

energy is shown, it can be deduced that when the CR particle is a proton the use of option
CHARMed results to slightly more energy been given to neutrinos than without this
option activated. Moreover, the distribution of the total energy granted to neutrinos not
having a charmed precursor in production two (option CHARMed activated) matches that
of production one (without the option CHARMed). When the primary CR particle is an
iron nucleus the neutrino bundle energy seems to be the same for both productions. The
impact of the option CHARMed is more prominent in the lower plots of Figure [6.4]showing
the energy of the most energetic neutrino of each shower. When option CHARMed is used
the energy of the most energetic neutrinos is higher than without this option activated. Once
more the distribution of the energy of the most energetic neutrino of each shower that does
not have a charmed precursor for the second production, matches perfectly the distribution
from the first production. This behavior is more prominent for showers produced by proton
CR primaries but is also present in the case of iron nuclei CR primaries. Moreover, for
showers produced by proton CR primaries the majority of most energetic neutrinos with
energies above 1 PeV have a charmed precursor. Finally in Figure [6.5] where the number
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Figure 6.5: Number of neutrinos reaching observation level for each shower. Solid lines
are used for particles created at showers where the primary CR particle is a proton while
dashed lines when the primary CR particle is a 33Fe nucleus. Black lines are used for
the production whithout the CHARMed option and red lines for the production with the
CHARMed option activated.

of produced neutrinos in each shower is shown, no difference is observed between these two
productions.

Based on the comparisons of unweighted events it seems that the use of option
CHARMed has a bigger effect on neutrinos than on muons. Also this effect seems to
decrease as the primary CR becomes heavier. In order to further investigate the effect of
option CHARMed to neutrinos, all relevant primaries simulated were taken into account
and the neutrinos at sea level were weighted using the technique described in section[6.4] In
Figure[0.6] the neutrino fluxes derived from the simulated showers at sea level are presented
using the CR flux model H3a [§] containing both the CR flux knee and ankle. For both
muon and electron neutrinos from the energy at which the prompt ([24] hereafter Enberg)
flux becomes comparable to the conventional ([23] hereafter Honda) flux, the flux derived
from the second production (with the option CHARMed activated) is higher than that
derived from the first production (option CHARMed not activated). This effect is more
prominent for electron neutrinos for which the conventional flux is much lower than that of
muon neutrinos. Even though the use of option CHARMed results in a higher neutrino
flux at the energy region where the prompt component becomes important, the production
with the QGSJETO1 high energy model and with option CHARMed does not provide a
satisfactory description of the neutrino flux at high energies. This can be attributed to the
poor statistics in this energy region, as shown in Figures and and possibly to the
high energy interaction model.

6.6 Evaluating the impact of different high energy interac-
tion models

The high energy interaction models used in the five major productions were SIBYLL 2.3,
EPOS LHC, QGSJETO0lc and QGSJETII. SIBYLL 2.3 [10§] is one of the most recent
high energy interaction models since the assumptions and approximations of the previous
SIBYLL 2.1 model were revisited and improved using recent LHC data. Also a phenomeno-
logical model was used for the the production of charm particles. EPOS LHC [109] is a
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Figure 6.6: Neutrino fluzes at sea level. The theoretical fluzes by Honda [23] and Enberg
[24] are presented with black and blue inside a £25% gray and light blue band respectively.
The flux derived without the option CHA RMed is presented in green. The production with
the option CHA RMed activated is shown in magenta, the contribution of those neutrinos
with a charmed precursor in red while those without a charmed precursor in blue. In the
low energy region where the contribution of the prompt component is negligible the magenta
points coincide with the blue. Left: Flux of v, and v,. Right: Flux of v, and V.

phenomenological high energy interaction model incorporating data from LHC. QGSJET
IT [110] is also a generator for high energy hadronic and nuclear collisions which was also
revisited and adjusted using LHC data. Though QGSJET01c¢ is the oldest of the four mod-
els used, it allowed for the use of option CHARMed unlike the most recent models EPOS
LHC and QGSJETIL

In order to evaluate the impact the different high energy interaction models have on the
final output, the neutrino fluxes derived from all five major productions were compared to
each other and to the conventional (Honda) and prompt (Enberg) fluxes. In Figure [6.7| the
muon (left) and electron (right) neutrino fluxes, derived using H3a model for the CR flux,
are shown. For the low energy part, where the prompt component is not important, EPOS
model seems to better match the Honda flux, closely followed by SIBYLL 2.3 model. The
fluxes derived by QGSJET models deviate more from the Honda flux but they are still
within the 25% band. For the high energy part where the prompt flux is the dominant
component, SIBYLL 2.3 model agrees with the Enberg flux while the rest of the models
produce much lower fluxes. At this point it should be stressed that the statistics at this
region is low and this is reflected on the statistical errors. Nevertheless SIBYLL 2.3 model
outperforms the rest of the models used at this energy range. Also at this energy region
QGSJET01c¢ with option CHARMed and EPOS model seem to produce comparable
results from muon neutrino fluxes even though EPOS is not compatible with the explicit
treatment of charmed particles by the option CHARMed. Finally in the intermediate
energy range the deviation of fluxes derived by the QGSJET models from the theoretical
fluxes is not as prominent as in the high energy region but it is still observed, while models
EPOS and SIBYLL 2.3 seem to produce similarly good results. Since model SIBYLL 2.3
seems to be more compatible with both the Honda and Enberg neutrino fluxes a ratio plot
of the fluxes derived by the rest of the high energy interaction models to SIBYLL 2.3 is
also shown in Figure [6.7 Even in the low energy region where the contribution of the
prompt neutrino flux is negligible and the statistics is better compared to higher energies,
on average, the flux derived by EPOS is lower by approximately 20% to 25% while the
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fluxes derived by the QGSJET models is lower by 30% to 40% compared to SIBYLL 2.3.
These differences illustrate the fact that the use of different high energy hadronic interaction
models can have a great impact on the final fluxes derived.
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Figure 6.7: Neutrino fluzes at sea level. Honda and Enberg neutrino fluxes are presented
with black and blue inside a +25% gray and light blue band respectively. Below each plot
a ratio of the flux derived by each model with respect to the flux derived by the production
using SIBYLL 2.3 is shown (color code is the same). Left: Fluz of v, and U,. Right: Flux
of ve and Te.

6.7 Evaluating the impact of different atmospheric models

In all five major productions a user defined atmospheric density model describing the yearly
averaged atmosphere above the deployment site of the ARCA telescope was used as men-
tioned in section [6.2.2l Even though this is the best possible approximation used in the
simulations, three more productions were made using the parameters of the fifth major
production in Table while changing the atmospheric model. First, the atmospheric
model of the U.S. standard atmosphere as parameterized by Linsley [104], included in the
bernlohr package of CORSIKA, was used by setting steering parameter MODATM to 1.
A production with the same statistics as the fifth major production was simulated. The
neutrino fluxes at sea level from both these productions are shown in Figure for muon
(left) and electron (right) neutrinos. It can be observed that the impact of using different
atmospheric models is really low. In the low energy part where there is enough statistics,
on average, the difference of the two fluxes is at the per-mil level.

For the other two productions user defined atmospheric models used were implemented,
describing the atmospheric density above the deployment site of ARCA at summer and
winter time. Since it is already established that using a totally different atmospheric model
has a negligible difference on the neutrino fluxes and the atmospheric models used for these
productions are much closer to the one used in the fifth major production, only 10% of the
number of showers were simulated and only using protons as CR primaries. In Figure
the energy of the most energetic muon (left) and neutrino (right), for the same number of
simulated showers, is shown for all four productions using different atmospheric models.
In these plots unweighted events were used to enhance any energy dependent differences.
Once more it can be observed that the impact of different atmospheric models on simulated
neutrinos and muons at sea level is negligible, of the order of per-mil for the low energy
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part, and is not distinguishable from the statistical fluctuations.
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Figure 6.8: Neutrino fluzes at sea level derived using an atmospheric density model de-
scribing the yearly averaged density of the atmosphere above the deployment site of ARCA,
in black, and the atmospheric model of the U.S. standard atmosphere as parameterized by
Linsley, in red. Below each plot the ratio of the fluxes derived by using these atmospheric
models is shown. Left: Fluz of v, and v,. Right: Fluz of v, and V.
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Figure 6.9: Logarithm of the energy of the most energetic muon, left, and neutrino, right,
created at each shower using protons as CR primaries protons. Atmospheric models used:
atmospheric density above the ARCA deployment site black for yearly averaged, red for
summer, cyan for winter; green for the U.S. standard atmosphere as parameterized by
Linsley. Below each plot, the ratios of the energy distributions derived by each model with
respect to that derived by using the atmospheric density model above the ARCA deployment
site are shown (color code is the same).

6.8 Evaluating the impact of different CR models

Even though the CR flux used for weighting the output of CORSIKA simulations in order
to retrieve the neutrino and muon fluxes is not part of the simulation process, it is very
important for the final results. In order to evaluate the effect of using different CR flux
models when weighting CORSIKA events, fluxes derived from the fifth production (Table
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weighted with H3a and H4a from [8] and with GST3 and GST4 from [9] CR models
are shown in Figure [6.10!
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Figure 6.10: Neutrino fluzes at sea level derived using CR flux models: black for H3A, red
for HJ{A, blue for GST3 and magenta for GST/ model. Below each plot a ratio of the flux
derived by each CR model with respect to the flux derived by using the H3A model is shown
(color code is the same). Left: Fluzx of v, and U,. Right: Fluz of ve and 7.

The CR primaries used for models H3a and H4a are different from those used for
GST3 and GST4 models. In the former, primaries CNO are grouped together and Mg-Si
primaries are used while in latter primaries C and O have different contributions to the
total flux and also no Mg-Si primaries are used. Moreover, the differences between H3a
and H4a originate from different parametrization of the extra-galactic component of the
CR flux, which is also true for the GST3 and GST4 models which additionally have slightly
different parametrization for the high energy galactic CR component. This is reflected in
the differences between the neutrino fluxes derived by each model at the high energy part.
From the ratio plots of Figure [6.10]it can be observed that for the low energy region there
is no observable difference between the fluxes derived using models H3a and H4a and the
same holds for the models GST3 and GST4. The neutrino fluxes derived using GST models
are lower by as much as 20% compared to those derived by H3a in the low energy part.

6.9 Conclusion

Detailed air shower simulations can provide a very powerful tool to determine the muon
and neutrino background for neutrino telescopes, so in KM3NeT effort was made to use
CORSIKA to simulate the atmospheric background. In this section various Monte Carlo
simulated air shower productions with CORSIKA are detailed with the purpose to identify
the best parameters to be used for a production intended for physics analyses with the
ARCA telescope. Several different simulations parameters have been tested. The high
energy interaction model used in the simulation has the strongest effect on the final output.
Also important is the choice of CR flux used to weight the simulated neutrinos and muons.
Moreover, attention should be paid to the values used for the energy cuts in order to ensure
a reliable production with the least possible computational resources. The tests performed,
which are described in this section indicate that the fifth major production as described
in Table in which SIBYLL 2.3 is used as the high energy interaction model with the
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option CHARMed activated, provides a satisfactory description of the theoretical models
for the atmospheric neutrino fluxes. Therefore this is considered as the best candidate to

be propagated to the can (Section [5.2.1)) and to be used for a physics analyses.
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Chapter 7

MAMBA Rejection: A Tool To
Reject Incoming Track Events To
The KM3NeT /ARCA Detector.

7.1 Introduction

The standard approach in KM3NeT to achieve a strong suppression of the atmospheric
muon background which is necessary for the track channel has been the requirement that
events are reconstructed as upgoing. Alternatively, a significant reduction of the atmo-
spheric muon background can also be achieved by requiring the neutrino interaction vertex
to be located inside the volume of the detector (starting track events). Another advantage
of selecting starting track events is the reduction of the atmospheric neutrino background
which can be achieved by applying a self-veto. Usually, for neutrino telescopes, atmospheric
neutrinos are an “irreducible” background since they cannot be differentiated by any means
from astrophysical neutrinos. They are produced in the same atmospheric showers in which
atmospheric muons are also created. Thus, when these neutrinos reach the detector and
interact, there is a high probability that at the same time, muons from the same shower
cross the detector. Such atmospheric neutrinos accompanied by muons (energetic enough
to leave a detectable trace while crossing the detector) can be reliably classified as at-
mospheric by identifying the through going accompanying muons. This way by selecting
starting track events a reduction of the so called “irreducible” neutrino background can be
achieved. In addition, by selecting starting events we expect to obtain a more accurate
measurement of the neutrino energy, in contrast to through-going muon tracks events for
which the measurement of the muon energy can only provide a lower limit of the neutrino
energy. This, in turn, is expected to lead to a better estimation of the astrophysical diffuse
flux spectrum. Finally, since no restrictions are pose on the reconstructed zenith angle of
the selected events, a full sky coverage is achieved.

Even though an analysis based on starting track events has a lot of advantages, it also
has a few disadvantages and strict requirements that need to be met. Firstly, even though
a sample of starting track events has a higher purity on astrophysical neutrinos than a
sample of upgoing muon tracks, it also comprises less events, since only a fraction of v,
and 7, charged current interactions happen inside the instrumented volume. As already
mentioned in Chapter the expected rate of atmospheric muons reaching the ARCA
detector is many orders of magnitude larger than the rate expected from neutrinos. So a
tool that rejects incoming events to ARCA should practically reject all the atmospheric
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muon events while, at the same time, it should have a high efficiency for real starting track
events. The rejection of atmospheric muon events is very important as the fraction of
remaining miss-classified atmospheric muons could easily overwhelm the neutirno signal.

For an astrophysical diffuse flux analysis the only possible way to differentiate between
astrophysical and atmospheric neutrinos, apart from the self-veto effect, is on a statistical
basis by their energy, as already mentioned in Chapter The astrophysical signal is
more prominent than the atmospheric background in the High Energy (HE) region. A tool,
Multiple Atmospheric Muon BAckground (or MAMBA) rejection, has been designed to
identify High Energy Starting Track (HEST) events and to efficiently reject through going
events to the ARCA detector.

For the development and testing of the MAMBA rejection tool and for the subsequent
analyses conducted in this chapter the following samples of MC events were used:

1. Samples of all flavors of neutrino events simulated with GENEHN.

2. Two different samples of atmospheric muon events simulated with MUPAGE. The
first one comprising events with Eyynqie > 10 TeV having a livetime of approximately
3 months for 1 ARCA block and the second comprising events with Epynaqie > 50
TeV having a livetime of approximately 3 years for 1 ARCA block. Even though the
energy range of the sample with Ey,,q. > 10 TeV extends to bundle energies well
above 50 TeV, both samples were used in their full energy range in order to achieve

better statistics in the high energy region.

3. A sample of atmospheric neutrino events simulated with CORSIKA. The particles
(muons and neutrinos) were propagated to the ARCA can with GENHEN. This sam-
ple was created by the output of the fifth CORSIKA production detailed in Chapter
It comprised eight subproductions of v,, 7, v, and 7. events interacting in-
side the can via CC or NC interactions, so each CORSIKA event was processed at
maximum eight times. Events were not included only in the case that no neutrino
from the predefined flavor had been produced in that simulated shower. Otherwise
all particles were propagated from the sea surface to the can and one neutrino was
chosen to interact inside the can. This sample was only used for the self-veto studies.

7.2 MAMBA rejection

7.2.1 General

Multiple Atmospheric Muon BAckground (MAMBA) rejection has been designed to reject
incoming muons to the ARCA detector and select HEST neutrino events. Since the focus
is on HE events, only neutrino events with E,, > 30 TeV are considered as signal events.
The MAMBA rejection consists of the following steps:

e Selecting events passing the quality cuts of the reconstruction.

e Selecting events with the reconstructed vertex inside a fiducial volume, which is
slightly smaller that the instrumented volume of ARCA.

e Using a Boosted Decision Tree (BDT) classifier with ten event based variables to
make the final differentiation.

These steps are detailed in the following subsections.
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7.2.2 Selecting track events with a good angular resolution

The first step is to select track events which pass the quality cuts of the reconstruction and
is therefore expected that the reconstruction of the muon direction is reliable (hereafter
“well reconstructed” track events). In order to select these events, the quality requirements
introduced in[I11] have been used. These requirements are the following:

e the negative logarithm of the reconstructed track fit likelihood to be less than —60
and

e logarithm of the directional error parameter Gy to be less than —2.8.

As illustrated in figure for both atmospheric muon events (right) as well as v, and 7,
CC events (left) the efficiency of these requirements is quite high (> 65%) for events with
an angular resolution better than 1° and drops rapidly as the angular resolution increases.
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Figure 7.1: The angular resolution for v, and U, CC events (left) and for atmospheric
muon events (right). Triggered events are shown in black while the events surviving the
quality requirements in red.

7.2.3 Interaction vertex finding method and containment of the recon-
structed vertex

The containment of the reconstructed vertex is a very powerful tool to reject the large
majority of incoming events to the detector, so all events with reconstructed vertices outside
a fiducial volume (slightly smaller than the volume of the detector) have been rejected. This
fiducial volume has been chosen to be a cylinder coaxial to the detector with a radius of
455m, which is smaller than the radius of ARCA by approximately 45m (half the string to
string distance). The upper lid of the fiducial volume cylinder lays 56m below the upper
DOM of each string, which is about 20m above the 16th DOM of each DU. Finally, the
lower lid is just 6m above the lowest DOM of each string. This value has been chosen in
such a way to reject incoming muons (created by neutrinos interacting outside the detector)
from below, but since these are not as frequent as the atmospheric muon background, a
larger reduction of the volume in this direction has not been considered necessary. The
footprint of ARCA (left) and the projection of a string on the z axis (right) as well as the
boundaries of the fiducial volume are shown in Figure [7.6

The vertex reconstruction accuracy is decisive for the efficiency of the containment re-
quirement. As it will be discussed in Chapter the event based variables used in the
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BDT classifier depend on the reconstructed vertex position. In particular, the more the re-
constructed vertex approximates the interaction vertex the better the discriminating power
that these variables have. Even though JStart is the official vertex reconstruction used
in KM3NeT, in order to achieve the best possible results a simple, yet effective method
to estimate the neutrino interaction vertex for a given reconstructed track direction was
developed. For this method JGandalf was used for the track reconstruction. This recon-
structed vertex is defined as the emission point of the photon (Cherenkov hypothesis) along
the reconstructed track, that gave the first in time triggered hit satisfying the following
requirements:

e |Time residual| < 30 ns.

e Maximum photon path length < 165m (3 times the absorption length). The photon
path length was defined as the distance from the hypothetical Cherenkov photon
production point along the reconstructed track to the PMT which had been hit.

e Angle between the direction of the hypothetical Cherenkov photon and the PMT
direction < 90°.

It should be noted that before any information based on hits (either triggered or not)
was utilized, a noise filtering method [I12] was applied to remove the bulk of hits due to
the 4°K decays. This method rejects hits which are not causally connected to the hit with
the largest ToT (“°K hits have small ToTs) applying loose requirements. It provides a
powerful rejection on noise hits while retaining a very high efficiency on direct photon hits
truly associated with the products of the neutrino interaction.

This method seems to produce excellent results for identifying the interaction vertex
of contained events. When tested to v, and 7, CC events fulfilling the quality criteria
discussed in Chapter the following results were obtained:

e 97% of the events having their true (MC) interaction vertex inside the fiducial volume,
also had the reconstructed vertex inside the fiducial volume.

e for events having both the reconstructed and the true (MC) neutrino interaction
vertex inside the fiducial volume the median of the distance between these vertices
was 16.9m. This is slightly less than half the DOM to DOM distance in the DU (18
m). The distribution of this distance is presented in Figure in black.

e 16% of the events having their true (MC) interaction vertex out of the fiducial volume,
were misreconstructed as having the reconstructed vertex inside the fiducial volume.

The standard production has also been processed with JStart, (JPP version 6231). A
comparison between the vertex found by this method and by JStart was carried out. Using
JStart:

e 88% of the events having their true (MC) interaction vertex inside the fiducial volume,
also had the reconstructed vertex inside the fiducial volume.

e for events having both the reconstructed and the true (MC) neutrino interaction
vertex inside the fiducial volume the median of the distance between these vertices
was 32.2m which is slightly less than the DOM to DOM distance in the DU (36 m).
The distribution of this distance is also presented in Figure in red.
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e 6% of the events having their true (MC) interaction vertex out of the fiducial volume,
were misreconstructed as having the reconstructed vertex inside the fiducial volume.
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Figure 7.2: Distance of the reconstructed vertex to the neutrino interaction vertex for events
truly contained in the fiducial volume also having both reconstructed vertices, by this method
and JStart, inside the fiducial volume. Black: This method. Red: JStart.

The comparison of this method for finding the interaction vertex with JStart indi-
cates that this method is better in identifying contained events while JStart is better in
identifying incoming events to the detector (for JStart this improves even more if one con-
siders the containment in the instrumented volume). For the MAMBA rejection, as already
mentioned, the most important aspect is the proximity of the reconstructed vertex to the
neutrino interaction vertex. Since this method better approximates the interaction vertex
it is better suited for the MAMBA rejection tool.

The requirement for the reconstructed vertex to be inside the fiducial volume provides
a powerful reduction of through-going events, rejecting up to 99.8% of the events belonging
tside o the high energy atmospheric muon sample, while the efficiency on HEST neutrino
events truly contained in the instrumented volume is approximately 80%, as reported in
Table By considering the vertex containment inside the fiducial and not inthe instru-
mented volume the question of how many contained and through-going events are rejected
rises. In Table the percentage of the events having their reconstructed vertices inside
the instrumented but not in the fiducial volume are presented. The loss of trully contained
events is of the order of 17% while for truly through-going events this fraction ranges from
63% (for v, CC interacting outside the detector) up to 95% for the high energy atmospheric
muon events sample. This effect is visualized in Figures[7.3]and [7.4 where the reconstructed
vertices of atmospheric muon events with Epypgie > 10 TeV, Epypqe > 50 TeV and v, CC
events interacting inside or outside the detector are shown along with the borders of the
instrumented and the fiducial volume. In Figure it can be observed that the fraction
of atmospheric muon events with Ep,,q = 10 TeV that have their vertices wrongly recon-
structed as inside the fiducial volume is much higher than that of atmospheric muon events
with Epyunae > 50 TeV. This effect was rather expected since muons with lower energies
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produce less light, so they can penetrate deeper to the detector before inducing a clear,

detectable signal.

v, CC interacting
in the detector

v, CC interacting
outside the detector

atmospheric muons
Ebundle > 10 TeV

atmospheric muons
Ebu’ndle > 50 TeV

79.6%

15.8%

2.8%

0.2%

Table 7.1: Percentage of the number of events having their reconstructed vertices inside the
fiducial volume compared to all well reconstructed events, for the various types of events.

v, CC interacting
in the detector

v, CC interacting
outside the detector

atmospheric muons
Epundie = 10 TeV

atmospheric muons
Ebu’ndle > 50 TeV

17%

63%

84%

95%

Table 7.2: Percentage of the number of events having their reconstructed vertices inside the
instrumented but not in the fiducial volume compared to those having their reconstructed
vertices inside the instrumented volume, for the various types of events.
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Figure 7.3: Reconstructed vertices of atmospheric muon events with Epypnqie > 10 TeV on
the left and Epypgie > 50 TeV on the right. Black line: Instrumented volume border. Red

line: Fiducial volume border.

The clustering of the reconstructed vertices observed in both Figures [7.3] and Figure
[7-4] left, along the vertical axis in “zones” with higher density is due to the method used
for the reconstructed vertex (the production point of the hypothetical Cerenkov photon
responsible for the first in time hit, satisfying the requirements set). Considering that
muons travel faster than light in water, the photons responsible for the first in time hit
are those produced closer to a DOM rather than those produced first in time but further
away. The effect observed in both Figures[7.3]is a combination of the vertex finding method
with the fact that atmospheric muons are down-going, so the reconstructed vertices tend
to "accumulate” in high density zones above the vertical position of the DOMs. In the case
of Figure left, through-going muons from v, CC interactions outside the detector reach
the detector from all directions, thus the reconstructed vertices tend to “accumulate” in
high density zones around the vertical position of the DOMs.
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Figure 7.4: Reconstructed vertices of v, CC events interacting in the detector on the left
and interacting outside the detector on the right. Black line: Instrumented volume border.
Red line: Fiducial volume border.

Even though just by requiring the containment of the reconstructed vertex the reduction
of the incoming events to ARCA ranges from 84.2% up to 99.8%, the number of events
fulfilling this requirement is extremely large, as illustrated in Figure More specifically
from the samples of atmospheric muons with Fjy, g > 50 and 10 TeV, about 0.15 and 52

events per hour are expected to survive the containment cut. Therefore, in order to further
reject incoming events to ARCA a BDT classifier is employed.

7.2.4 Boosted Decision Trees

The term “Decision Tree” is used for a large class of non-linear classifiers [113]. They are
used to solve either classification or regression problems. In the case of classification, binary
decision trees sequentially split the feature space by posing a test at each decision node and
by assigning a class label to each segment, Figure [7.5] right. So when a new feature vector
arrives for evaluation, the predicted class is derived by the label of the segment of the
feature space this vector lands on. As an example the feature vector (e,f) (blue point) of
Figure right will be classified as “B”. Using a graphical representation, a decision tree
consists of one root node and various decision and leaf nodes, as shown in Figure left.
To evaluate a new example a descending path is followed down to a leaf node, thus a class
label is predicted. The feature vector (e, f) will follow the right path of the root node (e
> a), then the right path of the first decision node (f > ¢) and finally the left path of the
second decision node (e < b) thus landing on the leaf with label “B”. For a decision tree
to have a powerful classification performance in cases where the features are many and the
classes overlap in each feature, a lot of sequential nodes need to be created (the number of
sequential nodes excluding the root is called tree depth). However large decision trees are
prone to over-training. Over-training is the term used in the case that a classifier “learns”
a sample of events extremely well but fails to generalize this “knowledge” to similar but not
exactly the same events. In order to overcome this issue of large decision trees, a classifier
based on decision trees called Boosted Decision Trees [114] is widely used.

A Boosted Decision Trees (or BDT) classifier is an ensemble of decision trees usually with
a small depth. A single decision tree with a small depth used for a classification problem is
expected to perform poorly (poorly performing classifiers are referred to as weak classifiers).
On the other hand a decision tree with 3 or 4 layers does not suffer from over-training
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Figure 7.5: Left: A schematic representation of a binary Decision Tree with tree depth =
3. The orange circle represents the root and blue circles the decision nodes. The tests posed
by the root node and each decision node are shown at the right of the nodes. The leaves
hold the class labels “S” and “B”. Right: A representation of the feature phase space of the
Decision Tree depicted on the left and the class labels of each segment.

[114], moreover the training phase of such a tree requires very little time. What makes a
BDT a strong classifier though, is the power gained by using many decision trees each one
trained with a different part of the original training sample. Training many decision trees
with small depth is not time consuming since the training time of each individual tree is
really small, especially when compared to the time required for the training of classifiers
like Artificial Neural Networks (ANNs). The procedure used for training each tree with
a different sample extracted from the original one is called boosting and it is critical for
building a strong classifier. The most common methods of boosting are AdaBoost (Adaptive
Boost) and Gradient Boost. Using AdaBoost the training sample used for growing each
individual decision tree is selected form the training sample (7'S) of the BDT classifier with
a weighted scheme. Before training any tree the weights of all events in sample TS are
equalized and normalized, so the training sample used for the first tree (¢s1) is randomly
selected from TS. After training the first tree, to each miss-classified event of ts! a larger
weight is assigned and the weights of the whole sample TS are re-normalized. By this
procedure the miss-classified events have a larger probability to be selected for the training
sample of the next tree. This procedure is followed after the training of each decision tree,
so each tree learns a different part of the training sample TS, specifically the part that the
previous trees failed to learn. To classify an unknown instance all decision trees predict a
class and the final class label is derived by a weighted majority vote.

The BDT classifier used in MAMBA rejection is contained in the TMVA package [114]
of the ROOT Data Analysis Framework [I15]. It comprises 1,150 decision trees with a
maximum depth of 4 layers. For a leaf node to be created it should comprise at minimum
9% of the events used for the training. Moreover the splitting of each node is decided based
on the gini index. The boosting is preformed with AdaBoost with a beta exponent of 0.6
and the training sample used for each tree is created by bagging a sample with size 90%



7.2. MAMBA REJECTION 93

the size of training sample of the BDT classifien]]

7.2.5 Features used for the BDT training

In order to achieve the best possible classification results when using any classifier, other
than deep neural networks, the features (attributes or variables) used in the model con-
struction are of critical importance. By selecting features in which the different classes
occupy different regions in that phase space even the simplest classifiers can have excellent
results. On the other hand if the selected features do not have any discriminating power
the results provided even by the more complicated classifiers can be very poor. In order
to extract variables with discriminating power a deep understanding of the classification
of the problem in hand is needed. In this case the goal is to differentiate HEST from
through-going track events created outside the detector (two classes problem). The former
is considered as the signal class while the later as background. To this end, ten event based
variables have been created aiming to identify the following characteristics:

1. High energy events (signal).

2. Events entering the instrumented volume, even though the reconstructed vertex was
wrongly found inside the fiducial volume (background).

3. Event exhibiting shower like activity around the reconstructed vertex, which can be a
strong indication of a hadronic shower from a neutrino interaction inside the detector
(signal).

When describing these variables, the following terminology will be used:

e Strict time and spatial coincidence with the reconstructed track = |Time residual| <
10ns and vertical distance of the PMT hit to the reconstructed track < 100m.

e Time coincidence with the reconstructed track = |Time residual| < 20ns.
e Loose time coincidence with the reconstructed track = |Time residual| < 30ns.

e Spatial coincidence with the reconstructed track = Vertical distance of the PMT hit
to the reconstructed track < 111m. This value was chosen so that the path length of
the photon < 165m (3 absorption lengths).

e Border DOMs = The two upper DOMs (17 and 18).

e Border Strings = Strings: 105, 104, 103, 102, 101, 71, 100, 98, 96, 94, 92, 62, 93, 95,
97,99, 91, 115, 114, 113, 112, 87, 86, 85, 111, 110, 109, 82, 81, 80, 108, 107, 106, 77
and 76. In Figure a detector layout is displayed with all border strings (left) and
upper DOMs (right) marked in red.

Variables used in the BDT:

1. The activity in border DOMs and border strings in strict time and spatial coincidence
with the reconstructed track is investigated. If the first hit of the event, after the noise
suppression, or the DOM with the largest cumulative ToT of the event is in a border
DOM or string a boolean is set. This variable targets characteristic

!The configuration of the BDT used:
TMVA::Types::kBDT, ”BDT”, ”H:!V:NTrees=1150:MinNodeSize=9.0%:MaxDepth=4:Boost Type=AdaBoost:
AdaBoostBeta=0.6:UseBaggedBoost:BaggedSampleFraction=0.9:SeparationType=Ginilndex:nCuts=17.
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Figure 7.6: Left: Projection of an ARCA string on the Z axis. Right: Footprint of the
ARCA detector. Border strings and DOMs are marked in red. The fiducial volume border
1s marked in blue.

2.

Hits in coincidence with the reconstructed track produced by photons emitted be-
hind the reconstructed vertex are considered. These are grouped in two categories:
one group with those hits in strict time and with a spatial coincidence with the re-
constructed track and a second group with those in loose time coincidence. If the
emission point of a hit belonging to first group is close (up to 5m) to the emission
point of another hit (belonging to either the first or the second group), that emission
point is kept for investigation. In the case that the emission point farthest from the
reconstructed vertex is not contained in the fiducial volume, a boolean is set. This
variable targets characteristic

A clustering of the emission points of the hits in time and spatial coincidence with
the reconstructed track is performed in clusters with a minimum number of 3. A
requirement of a minimum distance of 100m from one cluster to the next is used.
A boolean is set if the emission point farthest to the vertex is contained inside the
fiducial volume. This variable targets characteristic

. Number of DOMs with at least 3 hits. This variable targets characteristic

. Number of DOMs with at least 3 hits in time and spatial coincidence with the recon-

structed track. This variable targets characteristic

Number of DOMs with at least 3 hits with |dt| < 20ns and d¢ < 60°. This variable
targets characteristic

The cumulative ToT of the hits created by photons with emission points behind the
reconstructed vertex in spatial coincidence and with |Time residual with respect to
the reconstructed track| < 250 ns. This variable targets characteristic
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8.

10.

Number of DOMs with at least 3 hits with |dt| < 20ns, fulfilling the requirement to
have been created by photons with emission points behind the reconstructed vertex in
spatial coincidence and with |Time residual with respect to the reconstructed track| <
250ns. This variable targets characteristic

The length behind the reconstructed vertex along the reconstructed track has been
divided in 2 halves up to the point it crosses the detector. The cumulative ToT
is found of the hits created by photons with emission points in each half in spatial
coincidence and with |Time residual with respect to the reconstructed track| < 250
ns. The ratio of the cumulative ToT of the half closer to the edge of the detector
over the cumulative ToT of the half closer to the reconstructed vertex is used. This
variable targets characteristic

Same approach as for variable 9 but instead of the ToT, the number of hits is used.
This variable targets characteristic

7.2.6 Training, testing and evaluation of the BDT

The BDT classifier is the last stage of MAMBA rejection and aims to discriminate between
incoming track events to the ARCA detector and HEST neutrino events, from those events
surviving the previous steps. “Well reconstructed” events having the reconstruction vertex

inside the fiducial volume (Chapter [7.2.3) were used, to train/test the BDT.The signal
sample comprised:

e v, and 7, CC events E, > 30 TeV having the true (MC) neutrino vertex in the

fiducial volume.

while three different samples:

1.

2.

3.

atmospheric muon events with Egy,pnqe > 10 TeV,
atmospheric muon events with Epypnqe = 50 TeV and

v, and 7, CC events having the true (MC) neutrino vertex out of the instrumented
volume of ARCA.

have been combined to form the background sample.

The BDT classifier has been trained/tested using part of the available MC simulated
events. The rest of the events were left to be used for the evaluation of the trained BDT
and in physics analyses. The training/testing signal sample comprised:

e 20% of the available events.

while the training/testing background sample consisted of:

e 2% of the available events from sample

e 2.5% of the available events from sample 2| and

e 2% of the available events from sample
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The training/testing of the BDT was conducted using unweighted events. This way, all
events are equally important to the training process. It should be noted that the number
of events of each class used for the background sample was chosen in such a way to allow
for each class to be evenly represented. The use of unweighted events was preferred in
order to avoid biases coming from the large difference of the weight values. Using weighted
events, the atmospheric muons are weighted to a predefined livetime (so all events of each
atmospheric muon sample have the same weight) and the neutrino events are weighted
with the weight produced by GENHEN convoluted with an astrophysical neutrino flux for
that livetime (so a different weight is assigned to each neutrino event). So in this case the
weights assigned to the neutrino background events are (orders of magnitude) lower than
those assigned to atmospheric muons, indicating to the classifier that these events are less
important. Nevertheless, as a test, the classifier has also been trained using such weighted
events. The BDT trained with weighted events performed worse than that trained with
unweighted events, so this training scheme was abandoned.

Before training the BDT, the values of the variables used have been “normalized”, even
though BDT classifiers are not sensitive to the relative differences of the values of the vari-
ables. Literally the variables were not normalized, since for the normalization the knowledge
of the range of the variables is required beforehand. Since it is not possible to know an
absolute maximum or minimum derived from all events, as only the training/testing sam-
ple was used, an approximating “normalization” procedure has been followed. For each
variable from the training/testing sample the distribution of values has been plotted and
a value close to the end of the distribution was chosen as maximum. A similar procedure
was followed for the minimum value wherever this was required. In Figure [7.7] the distri-
butions of these variables for the events in the training/testing sample after normalization
are presented for the signal (blue) and for the background (red). A good separation power
of signal and background is observed for most variables.

When building a model for classification an issue that should be addressed is whether
the variables are correlated. TMVA provides the correlation matrices of the signal and
background sample, shown in Figure High correlation of variables 4 and 6 as well
as 9 and 10 can be observed for both signal and background (which was expected from
the construction of the variables). Highly correlated are also variables 4 (6) and 5 in the
background sample and variables 7 and 8 in the signal sample. Highly correlated variables
should be eliminated when classifiers like ANNs are used. When classifiers like ANNs are
utilized the use of variables which are highly correlated should be avoided since for ANNs,
models having highly correlated variables, usually perform worse than the same models
after removing these variables. Although this is not an issue in the case of BDTs, various
tests have been carried out in which the correlated variables have been removed one by one,
yielding similar (just in one case) or worse (in the rest of the cases) results. Therefore, all
ten variables described in section [.2.5 have been used.

TMVA also provides a ranking of the variables based on separation power and impor-
tance. Separation is an indication of how much the signal and the background distributions
are distinguished, while importance is derived by summing the separation gain squared each
time the particular variable was used to split a decision node. In other words importance
shows how useful each variable is to the classifier used while separation is an intrinsic quan-
tity of each variable. The ranking of the variables is shown in Table indicating that
the four more important variables (5, 8, 7 and 3) address all 3 characteristics aimed when
building these variables. Also the more important variables are not necessarily those with
the highest separation ranking.
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Figure 7.7: BDT input variables for the training/testing sample after normalization. The
variables are presented in the same order as in Chapter

During the training/testing phase of the BDT, the events used were split into two
subsamples, one used for the training and one for the testing. The splitting of the events
has been done randomly with a ratio of 50% - 50% for the training and the testing samples
(these fractions are the default values of the TMVA package). At the end of the training
phase the test sample has been used to provide a check for overtraining. Even though BDT's
consisting of trees with limited depth (from 2 to 4) do not generally suffer from overtraining,
the overtraining check was performed in order to confirm that this is the case for the specific
BDT configuration used in MAMBA rejection. In Figure the distributions of the BDT
output values of the training (area) and the test (points) samples are overlaid. In the case
of overtraining, the performance of the training sample is expected to be superior to that of
the test sample. This is not observed here indicating that this trained BDT classifier does
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Figure 7.8: The correlation matrices for the signal (left) and the background (right) as
provided by TMVA.

Variable Ranking based on
Separation | Importance
varl 7 7
var2 8 )
var3 6 4
vard 4 8
vard ) 1
var6 3 6
var7 2 3
var8 1 2
var9 10 9
varl0 9 10

Table 7.3: Ranking of the variables using Separation and Importance.

not suffer from overtraining. As can also be observed in Figure [7.9]the Kolmogorov-Smirnov
test for both background and signal events is above the critical value of 0.01 reinforcing the
conclusion that no overtraing is observed for the BDT configuration used.

Finally, the files not used for the training/testing procedure were utilized as an eval-
uation sample in order to establish that the performance of the BDT on this sample is
similar to the performance on the training and testing samples. For this test the procedure
described below was followed:

1. The efficiency for the training and test sample to identify signal events had been set
to a specific value (80 %) and it was achieved by a BDT cut value of 0.51.

2. Events belonging to the rest of the production files that satisfy the quality and the
reconstructed vertex containment requirements had been evaluated with the BDT.
No MC information have been used.
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Figure 7.9: The overtraining check as provided by TMVA.

3. A cut on the BDT value > was posed. All events fulfilling this condition were accepted
for the final sample.

Figure shows that for BDT values > 0.51 no background events are found in the
sample used to train the BDT. However the events used for the BDT training correspond to
only 2.5% of the atmospheric muon events with Ep,,q > 50 TeV and 2% of the atmospheric
muon events with Epynqie > 10 TeV and of v, and 7, CC events having the true (MC)
neutrino vertex out of the fiducial volume. Thus it is expected that few background events
will still remain after imposing the BDT cut.

The cut on the BDT value (of 0.51) led to an efficiency of 79.86% for the signal (where
as signal the v, and 7, CC events having the true (MC) neutrino vertex in the fiducial
volume with E, > 30 TeV are considered). The background events remaining were:

e 2y, or 7, CC events having the true (MC) neutrino vertex out of the fiducial volume,
but close to the edge of it and well inside the volume of the detector.

e 1 atmospheric muon event with Fpynqe > 10 TeV.
e 1 atmospheric muon event with Ep,,q1e > 50 TeV.

The energy distribution of signal events (from the sample of events not used for train-
ing/testing) after the quality and the containment cuts (blue line) and of those events
consequently surviving the BDT cut (red line) is shown in Figure The efficiency of
the BDT as a function of E, is also shown. At E, = 30 TeV (indicated with a magenta
vertical line) the efficiency is ~ 40% and it rises as the energy of the neutrino increases,
reaching 80% at E, ~ 100 TeV and 90% at E, ~ 500 TeV.

The performance of the BDT on signal events belonging to the training and to the
evaluation samples is quite similar, so it is clear that the BDT exhibits no overtraining.
Finally the BDT is optimized for HE events and it also provides a very powerful rejection
for background events.
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Figure 7.10: Energy distribution of signal events (v, and 7, CC events having the true
(MC) neutrino vertex in the fiducial volume) that survive the quality and the containment
requirements (blue line) and also satisfy the BDT cut value 0.51 (red line). The efficiency
s also shown as a function of the energy for signal events. The magenta line indicates
the B, = 30 TeV energy threshold, which is the lowest energy required for an event to be
constidered as signal.

7.3 Energy reconstruction

JEnergy, contained in the JPP package, is sued to estimates the energy of a track in the
hit barycenter of the event. This implies that the energy at the reconstructed vertex is
found after accounting for the energy losses the muon suffered traveling from the vertex to
the hit barycenter. A correction needs to be applied to account for the dependence of the
energy resolution on the detector’s geometry (Figure . Such a correction has already
been implemented [IT1] taking into account all track events for the track analysis.

A better approximation of the neutrino energy is obtained for contained events using
JEnergy than of the muon energy as can be seen in Figure This is expected since the
light produced by the hadronic shower of the neutrino interaction is also detected, as the
interaction vertex is located inside the instrumented volume. Nevertheless an additional
correction is needed as can be seen by the slope of the energy resolution in Figure

The accuracy of the energy reconstruction depends on the fraction of the muon energy
that can be detected and on the length of the muon track inside (or close to) the instru-
mented volume. For this reason the events are categorized depending on: the estimated
track length using the hit information and the potential length of the muon.

e Track length: The distance between the reconstructed vertex and the emission point
of the farthest photon (Cherenkov hypothesis) along the reconstructed track (requir-
ing hits with |Time residual| < 30 ns and vertical distance of the PMT hit to the
reconstructed track < 111 m where the angle between the direction of the Cherenkov
photon and the PMT direction is < 90°).

e Potential length: The distance between the reconstructed vertex and the emission
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count the energy the muon looses from the reconstructed vertex to the hit barycenter) and
the true energy with respect to the true energy. Left: for neutrinos, Right: for muons. Only
events having both true (MC) and reconstructed vertez inside the fiducial volume are shown.

point of the most distant hypothetical photon to give a hit in spatial coincidence with
the reconstructed track (hit in a DOM having a vertical distance from the recon-
structed track < 111 m). To find the emission point along the reconstructed track
the coordinates of the center of each DOM are used for simplicity (and not those of
each PMT).
For a reliable energy estimation events were required to have % > 60%. The
selected events were divided into the following four categories depending on the fraction of
the energy deposited by the muon in the volume of the detector:

length

potential length <1

1. length < 500 m and ratio

length 1

2. length < 500 m and ratio otential Tengih =

. length
3. length Z 500 m and ratio m <1 and

. length
4. length > 500 m and ratio otential Tengih = 1

The ratio 1#% can get values slightly larger than 1 as the potential length is found
using the center of the DOM and not each PMT.

The events used as training and testing sample of the BDT, which comprise 20% of all
the v, and 7, CC events, have been used to estimate the correction for each sub-sample
and then the correction was applied to the rest 80% of the v, and 7, CC events. The
reconstructed energy taking into account the energy losses of the muon from the recon-
structed vertex to the hit barycenter has been associated to the true (MC) neutrino energy
by a profile using for each energy bin the mean of the reconstructed energy. The profile
was fitted with polynomial functions which were utilized as the energy correction. In Fig-
ures [7.12] |7.13} |7.14] and [7.15| the estimated correction (using 20% of v, and 7, events)
and the resulted distribution after applying the correction to the rest of the production are
shown. For events having energies outside the range of the fitted function no correction has
been applied, so the value given by JEnergy taking into account the energy losses of the
muon from the reconstructed vertex to the hit barycenter has been used.
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Figure 7.12: Sub-sample . Left: True (MC) neutrino energy with respect to the recon-
structed energy taking into account the muon energy losses from the reconstructed vertex
to the hit barycenter. The crosses represent the mean of each bin with 1o error bars using
20% of the MC sample. The fitted polynomial function is shown with a red line. Right: The
corrected reconstructed energy with respect to the true (MC) energy for the rest 80% of the
MC sample. The crosses represent the mean of each bin with 1o error bars. The diagonal
line is shown in red.
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Figure 7.15: Sub-sample . As per Figure .

In Figure the difference between the logarithm of corrected reconstructed energy
and true neutrino energy with respect to the true neutrino energy is presented for all the
events belonging to the sample of v, and 7, events which has not been used to estimate
the correction. In Figure the difference between the logarithm of the corrected recon-
structed energy and true neutrino energy for events with E, > 10 TeV (left) and E, > 100
TeV (right) is presented. For events with E, > 10 TeV the energy resolution obtained using
the corrected energy is almost Gaussian peaking at a value very close to 0, as shown in Fig-
ure left. For events with lower energies no effort has been made to find an appropriate
function to correct the reconstructed energy since the analysis focuses on HE events. The
distributions shown in Figure indicate a slight underestimation of the neutrino energy.
The energy resolution for events with E,, > 10 TeV is 21% and for events with E,, > 100
TeV is 22%.
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Figure 7.16: Difference between the logarithm of corrected reconstructed energy and true
neutrino energy with respect to the true energy for all v, and v, events which have not been
used to estimate the correction.
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Figure 7.17: Difference between the logarithm of corrected reconstructed energy and true
neutrino energy for all events not used to estimate the correction. The Y axis corresponds
to %C‘%{ where © = 10g10 (Erecocorrected/Ev). Left: Events with E, > 10 TeV. Right: Events
with F, > 100 TeV. Red Lines: Gaussian fits.

7.4 ARCA sensitivity and discovery potential using HEST

7.4.1 General

A major objective of the ARCA telescope, as stated in the Letter Of Intent 2.0 for KM3NeT
[69], is the detection of a diffuse flux of astrophysical neutrinos corresponding to the signal
reported by IceCube. As currently ARCA is under construction the expected sensitivity of
the detector to an astrophysical neutrino flux and the time needed to make a discovery of
that flux are estimated using Monte Carlo simulations. For this study the Model Rejection
Potential (hereafter MRP) [I16] method is used for the sensitivity, while for the discovery
potential the Model Discovery Potential (hereafter MDP) [I17] method is employed.

MRP and MDP are statistical methods commonly employed for searches of a small
signal within background events as in the case for an astrophysical neutrino signal. They
can be implemented with two approaches:

e the binned approach. Cuts are posed on both the expected (by MC simulations)
signal and background distributions in order to select the final sample of events.

e the unbinned approach. The whole signal and background distributions are used to
exclude the “no signal” hypothesis.

For this study the binned approach is adopted.

7.4.2 Sensitivity

The sensitivity of the ARCA detector to an astrophysical neutrino flux is derived by the
MRP method. With this method upper limits to a theoretical flux can be posed with a
certain confidence level. Starting with the expected number of background events (np) the
upper limit at a predefined confidence level (here 90%) as found in [118], is calculated for
all possible number of observed events (ngps), assuming that no signal events are detected.
These upper limits (ugo) are averaged weighted with the Poisson probability f(k=np; A=nps)
to obtain the average upper limit fio ;. (here 90% confidence level has been used). The
Model Rejection Factor (MRF) is the ratio of the average upper limit over the number
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of signal events (ng) expected by a theoretical flux. The average upper limit on the flux
obtained at that confidence level is found by:

Ho.L.
(I)C.L. = q)theoretical . % (71)

S

Any flux &> & . is excluded with a C.L. confidence level. In case the MRF (ﬁfL—SL)
< 1, the detector is considered to be “sensitive” to that theoretical flux. In Figure
the average upper limit with a 90% confidence level is shown (in green) as a function of
the number of background events. It can be observed that fig, increases as n; increases but
sub-proportionally when the number of expected background events is larger than 5. Since
the number of expected signal and background events increases proportionally with the
observation time, as the observation time increases the MRF decreases and therefore lower
upper limits can be achieved. This can be used to find the expected time of observation
needed for the detector to become sensitive to a theoretical flux.

When using the MRP method the number of expected signal and background events
are represented as a function of some observable variables (i.e. the reconstructed energy),
then cuts are posed on these variables (same cuts for signal and background) and the MRF
is calculated by the number of signal and background events surviving these cuts. The
set of cuts producing the lowest MRF are used to determine whether the experiment is
expected to be sensitive to the theoretical flux, or to derive upper limits. Here in order to
find the best possible ®gg for ARCA using HEST events, the number of expected signal and
background events are found as a function of the corrected reconstructed neutrino energy
(Chapter and the BDT output.

7.4.3 Discovery potential

In order to find the discovery potential for an astrophysical neutrino flux the MDP method
is employed. MC simulations are used to reject the background only hypothesis at a re-
quired confidence level with a certain probability. Starting with the number of expected
background events (np), a critical number of detected events (n.) is found. For this ng.;
the probability of being detected only due to background fluctuations (no signal hypothesis)
is less or equal to a predefined value. This value is the area below the tail of a Gaussian
curve beyond a certain number of standard deviations which represent the confidence level.
For example for a 50 confidence level n..;; is calculated to satisfy the Poisson probability:

P(nerit)np) < a (7.2)

where a = 5.73- 1077 (50 area). The minimum number of signal events or least detectable
signal (n;4.) is calculated that satisfies the condition that at least n..; events can be
detected due to the expected ny + n; 4 with a certain probability:

P(ncm’t|nb + nl.d.s.) = Pr (73)

So given the expected number of background events np, if the expected number of signal
events is at least n; 4, an a o discovery is expected in a Pr fraction of the experiments
conducted. Using the ratio of the least detectable signal over the expected number of signal
events (ng) derived by a theoretical flux ®;peorericar (model discovery potential), the flux by
which an a o discovery is expected in a Pr fraction of the experiments conducted (®g;s.) is

derived by: -
(I)disc = (I)theoretical L (74)
s
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In Figure the n; 4, is shown as a function of the number of background events for
a bo discovery with probability 90% (black) and 50% (red) as well as for a 30 discovery
with probability 50% (blue). It can be observed that in all cases after a certain number
of expected background events the distribution of the n; 4 becomes sub-proportional (a
diagonal magenta dashed line is added to guide the eye). From that value on, any increase
in the observation time (proportional increase to the n;, and n,) will lead to a decrease
and the fraction ’”T‘i's', so as the observation time increases, discovery of fainter fluxes is
expected. As with the MRP method, MDP is used to find optimal cuts on observable
variables, by minimizing "lﬁ‘i& (for a given observation time) in order to determine whether
the experiment is expected make a discovery of the theoretical flux, or to derive upper
limits. Once more the number of expected signal and background events are found as a

function of the reconstructed neutrino energy (Chapter [7.3)) and the BDT output.
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Figure 7.18: Average upper limit for a 90% confidence level Tigy (green) and . q4.s. for 3o
in 50% of the experiments (blue), 50 in 50% of the experiments (red) and for 5o in 90% of
the experiments (black). The diagonal (magenta dashed line) is also shown.

7.4.4 Using HEST events to estimate the sensitivity and the discovery
potential of ARCA

The astrophysical flux to which the ARCA detector is sensitive and the discovery potential
of ARCA for an astrophysical neutrino flux were calculated using the MAMBA rejection
tool to select HEST events. As high energy astrophysical neutrino flux, the benchmark
KM3NeT flux without cutoff [I19] was adopted. This is an unbroken power law

Dystro = o - (E/100TeV) (7.5)

with &g = 2.3 -10718GeV~lem™2s 'sr~! and v = 2.5 for each neutrino flavor. This high
energy astrophysical neutrino flux is quite similar to the one reported by the IceCube
Collaboration [36]. For the atmospheric neutrino fluxes, the Honda 2016 model with the
knee correction [23] was used for the conventional component and the Enberg 2008 model
[24] was used for the prompt component (this model does not take into account the findings
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from IceCube [25] [57], so it probably largely overestimates the prompt component of the
atmospheric neutrino fluxes).

Events that satisfy the quality and the reconstructed vertex containment requirements
were selected for this analysis. The selected events were evaluated with the BDT and a
BDT output value was assigned to each event. In Figure left, the distributions of the
BDT output values are shown for all v, and 7, CC events interacting inside the fiducial
volume with a dashed line and for events with E,, > 30 TeV with a solid line. In Figure
right the distribution of the BDT output values for atmospheric muons, v, and 7,
CC interacting inside and out of the detector volume, NC as well as v, and 7 CC and
NC events are shown. All neutrino events have been weighted with the astrophysical flux
of equation assuming the full ARCA detector (2 building blocks) and an observation
time of 1 year. The atmospheric muon events have also been properly weighted to the full
ARCA detector and the same observation time. It can be observed that by choosing a high
cut value on the BDT output a high purity sample of HEST events can be selected.
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Figure 7.19: Left: Distributions of the BDT output values for all v, and v, CC events
interacting inside the fiducial volume (dashed line) and for events with E, > 30 TeV (solid
line). Right: Distributions of the BDT output value for v, and U, CC events interacting
inside the fiducial volume having E, > 30 TeV (black), v, and v, CC events interacting out-
side the fiducial volume (blue), all NC as well as v, and 7z CC events (green), atmospheric
muon events with Eyypnqie > 10 TeV (red) and atmospheric muon events with Epyndre > 50

TeV (magenta). Since the BDT output value is used to select HEST events and reject the
incoming track events to ARCA, atmospheric neutrino events are not included in the plot.

The distributions in Figure [7.19] are illustrated as a visual representation of the effec-
tiveness of the BDT used in the final setp of the MAMBA rejection. The distribution of the
events considered as signal for the BDT (v, and 7, CC events interacting inside the fiducial
volume having E, > 30 TeV) peaks at high BDT output values. On the other hand the
distributions of those events considered as background (v, and 7, CC events interacting
out of the fiducial volume, as well as atmospheric muon events with Epynqe = 10 TeV and
Epundie > 50 TeV) peak at low BDT output values. Finally the NC events (which do not
have a similar signature to either signal or background events) have a relatively flat distri-
bution. In Figure the distribution of the BDT output values for all neutrino events
(Y, U, Ve, Ve, vy and 77 CC and NC) weighted with the astrophysical flux (equation
and for all atmospheric muon events weighted to the same livetime are shown.

To find the sensitivity and the discovery potential of ARCA to the astrophysical flux
of eq all neutrino events weighted with the astrophysical flux are considered as signal
events (expected astrophysical neutrino events). The v, 7, v, and 7 events, weighted with
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Figure 7.20: Number of events expected in 1 year for 2 ARCA blocks Black: all astrophysical
neutrino events, Red: atmospheric muon event from both samples with Eyynaie = 10 and
Eyundie > 50 TeV.

and Epypngie > 50 TeV) comprise the sample of background events. At this point it should
be stressed that what is considered as signal / background to a search for an astrophysical
neutrino flux should not be confused to what was used as signal and background for the
BTD tool used to select HEST events. The BDT was trained to select HEST, so any HEST
event is considered as signal for the BDT (i.e. an atmospheric neutrino interacting inside
the volume of ARCA). For the search for an astrophysical neutrino flux any astrophysical
neutrino is considered as signal (i.e. an astrophysical neutrino event interacting outside the

ARCA detector).

Using the MRP and the MDP methods, cuts on the reconstructed muon energy (Chapter
and the output of the BDT (Chapter were found. The binning used for the search
of the optimal cuts was 0.1 in the logarithm of the reconstructed energy and 0.01 in the
BDT output value. Both these techniques, sometimes may find as optimal cuts values right
after the last event of the background distribution. In this case, as atmospheric muon
background events have much larger weights than neutrino events (as can be observed in
Figure , this effect might lead to artifacts. In order to avoid such effects that might
bias the results, the BDT output distribution has been fitted and the background from
atmospheric muons was calculated also by using this fitted function. First the optimal
cuts on the BDT output and the reconstructed energy have been derived using only the
simulated background. Even though in all cases the optimal energy cut has been the
same E,eco > 10°0 GeV, the optimal cut in the BDT output value ranged from 0.29 to
0.35 (different BDT cut values have been obtained from the MRP method and from the
MDP for different observation times and for different confidence intervals). Then the BDT
output value distribution for events satisfying the requirement E,.., > 10>? GeV from both
atmospheric muon samples have been plotted (Figure . The last event from the sample
with Epyndgre > 10 TeV satisfying E,eeo > 10%0 GeV has a BDT output value ~ 0.2, as shown
in Figure (in black), while the cuts derived by the MRP and the MDP minimization

the atmospheric neutrino fluxes and the atmospheric muon events (with Epypge > 10 TeV
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methods were > 0.29. So for this sample no such effect was observed. Contrary, the last
event of the sample with Epyngie > 50 TeV satisfying E,eco > 10%° GeV was found in the

bin [0.28, 0.29) (Figure in red), so for this sample the BDT output distribution has
been fitted.
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Figure 7.21: Distributions of the BDT output values for atmospheric muons with Epyundle >
10 TeV in black and for atmospheric muons with Eyunaie > 50 TeV satisfying Ereco > 10°0
GeV.

Since both the MRP and the MDP methods depend on the total number of background
events, the distribution of the cumulative number of background events was fitted. In order
to have a statistical sample adequate for a reliable fit and also allow the possibility of finding
a lower value of the cut on the reconstructed energy after adding background events, the
distribution of the BDT output values for those events satisfying E,eco > 1047 GeV and
fitted with an exponential function convoluted with a quadratic polynomial. Since this
method has been employed to approximate the tail of the BDT output distribution, the
fit was performed in the range of the BDT output values [0.15, 0.6]. The distribution of
the cumulative number of background events satisfying E,eco > 10*7 GeV and the fitted
function (equation are shown in Figure left. The distribution of the cumulative
number of background events satisfying Eyeco > 10°0 GeV, which is the energy cut given
by the MDP method for both the 30 and 50 confidence levels is also displayed. In Figure
right, the distributions of the number of background events satisfying E,cc, > 10*7
GeV, Ereco > 10°0 GeV and that derived from are presented. In order to estimate
the number of atmospheric muon events with Epynde > 50 TeV used in both the MRP
and the MDP methods for each BDT output value, both number of events surviving that
BDT output cut using the sample of simulated events and the number derived by the fitted
function (equation for that BDT output value have been evaluated. For a conservative
estimate the maximum value of the two approaches was considered for the background
calculation.

cumulative Neyents = (—8.6 - x* + 3.6 - x — 0.008) - exp(5.34 — 9.94 - x)

) (7.6)
where x is the BDT output value
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Figure 7.22: Left: Distributions of the BDT output values for atmospheric muons with
Eyundgie > 50 TeV satisfying Ereco > 1070 GeV in red and Eyeco > 10%7 GeV in black.
The fitted function of the latter is shown in blue. Right: Distributions of the number of
background events satisfying Ereco > 10%0 GeV in red and Eyeco > 10%7 GeV in black. The

number of background events estimated using the function derived from the fitting of the
cumulative distribution is overlaid.

As can be observed from Figure (right and left) the estimation of the background
using equation (found by the cumulative distribution of the events satisfying E,eco >
10%7 GeV) overestimates the number of expected events satisfying Eyeco > 109 GeV. As
an example, equation [7.6] results to ~ 3.6 events for a BDT value of 0.29 above which
no simulated events exist. Nevertheless using this approach to estimate the number of
atmospheric muon background events assures that the results obtained do not suffer from
bias induced by fluctuations affecting the tail of the background distribution.

The minimization of the MRF for 1 year of observation using 2 ARCA building blocs
was achieved for a cut on the BDT output > 0.41 and for Eyeeo > 10%% GeV, leading to
an MRF=1.17. This means that for 1 year observations with 2 ARCA building blocks a
high energy astrophysical neutrino flux (equation with normalization factor ®¢ > 2.69
GeV~lem™2s7lsr7! can be excluded with a 90% CL. The MRF minimization (MRF =
1.00) was achieved for a cut on the BDT output > 0.41 and on E,¢., > 10*8 GeV, showing
that ARCA is expected to be sensitive to the astrophysical flux after an observation time
of 1.3 years (2 ARCA building blocks). The number of expected signal and background
events for each type of events is shown in Table in Appendix [A]

The fraction of events correctly identified as track events is 92% for the signal and 99%
for the background (Table . From the total ~ 0.5 v, CC — p and v; CC — i expected
events, more than 99% were double bang events (with both vertices contained inside the
fiducial volume) and less than 0.2% had neither the neutrino nor the tau decay vertex
inside the fiducial volume. By applying the cuts given by the minimization of the MRF
all atmospheric muons have been eliminated, so the number of expected atmospheric muon
background events (0.08 events) was found by the fitted function. In Table the cuts
found by the minimization of the MRF, the number of expected signal and background
events and the percentage of correctly identified HEST events are summarized.

The discovery potential for ARCA (2 building blocks) using only HEST was also eval-
uated. The ratio of the discovery flux normalization factor over ®q for both 3 and 50 with
50% probability with respect to the observation time are shown in Figure Using the
HEST sample alone, a 3 and a 50 discovery can be reached in approximately 3.2 and 8.7
years respectively. In Table the cuts on the BDT value and on E,.,, the number of
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Sensitive to Pystr0  BDT cut  Epeeo cut  signal HEST  background HEST
events events

[ 1.3 years 041  10*%GeV 780  92% 14.48 99 % |

Table 7.4: BDT cuts and number of expected events given by the minimization of MRF for
a sensitivity with 90% CL for 2 ARCA blocks. The percentage of events correctly identified
as HEST is also given.

signal and background events and the percentage of correctly identified as HEST for 3.2
and 8.7 years, respectively, are presented. In the case of 30 with 50% probability no atmo-
spheric muon event survived the cuts given by the minimization of MDP, so the number
of events (0.64) was found by the fitted function. In the case of 50 with 50% probability
no atmospheric muon event survived the cuts given by the minimization of MDP and the
fitted function also yielded no events for the BDT value 0.43. The number of expected
signal and background events for each type, for both 30 and 50 with 50% probability is
shown in Table in Appendix [A] The ratio of the number of events surviving each cut
over the number of triggered events are shown in Figure for truly contained v, and v,
CC with respect to the true E, as well as for atmospheric muon events with Epyndie > 50
TeV with respect to the true Epyngie. Also, the expected number of truly contained signal
v, and 7, CC events surviving each cut for a livetime of 8.7 years is shown in Figure
with respect to the true E,.
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Figure 7.23: Ratio of the discovery fluz normalization factor over ®q for 3o (blue line) and
50 (red line) with 50 % probability, with respect to the observation time in years for 2 ARCA
blocks.
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’ Discovery BDT cut Ejee cut signal events HEST  background events HEST ‘
30 (3.2 years) 0.40 10° GeV 13.62 91% 16.17 95 %
50 (8.7 years) 0.43 10° GeV 36.32 91% 41.33 99 %

Table 7.5: BDT cuts and number of expected events given by the minimization of MDP for
a 3 and bo discovery. The percentage of events correctly identified as HEST is also given.
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7.5 Exploring the self-veto effect

7.5.1 General

An improvement to both sensitivity and discovery potential is expected when these at-
mospheric neutrinos reaching the detector from above which are accompanied by muons
created in the same atmospheric shower can be identified as background events. In the
case that the atmospheric muons entering the detector have energies above a few TeV they
are expected to be detected and rejected by the MAMBA rejection. In order to study this
effect, the background sample of events|3| (Chapter simulated using the fifth CORSIKA
production (where SIBYLL 2.3 was chosen as high energy interaction model and the option
CHRAMed was activated, as described in Chapter has been used. For this study
atmospheric neutrino events with a true (MC) zenith angle < 87° from the CORSIKA
production and events from the standard neutrino production (first production mentioned
in Chapter for the rest of the sky (zenith angle > 87°) have been used. All CORSIKA
neutrino events have been used irrespective of whether the atmospheric neutrino was ac-
companied by muons. Also both samples of atmospheric muons have been used and the
number of background events was estimated as in the previous section (using both the
number of events surviving the BDT output cut and the fitted function for the sample of
atmospheric muons with Eyypqie > 50 TeV).

7.5.2 Using CORSIKA for the atmospheric neutrino background

The energy spectra of CORSIKA events after applying the appropriate weights and of the
neutrino events weighted accordingly for the atmospheric neutrino fluxes are similar but
not the same. In Figure the rates of v, events interacting inside the fiducial volume
for 1 ARCA block for a livetime of 1 year are shown as an example. The differences
observed are due to the different simulation chains and the different assumptions used for
the generation of each type of events. Also due to the fact that the CORSIKA sample
has much lower statistics for high energy neutrinos leading to few events having large
weights, compared to the neutrino production where statistics allows lower weights (which
is apparent for E,, > 10% GeV by the statistical fluctuations). As already detailed in Chapter
[ in CORSIKA simulations differences in the final neutrino spectrum are observed when
using different inputs in the simulation (like High Energy Interaction Models, Atmospheric
models or CR models) consequently the differences observed here were expected.

In order to have compatible results to be used for the sensitivity and the discovery poten-
tial calculation, extra weights have been applied to the events of the CORSIKA production
so that the weighted atmospheric neutrino fluxes match each other. The events have been
divided into 8 categories (v, / 7, , true (MC) neutrino interaction vertex in / out of the
fiducial volume , conventional (Honda flux) / prompt (Enberg flux) ) and extra weights
have been derived for each energy bin for each one of these 8 categories. For example the
number of events in a certain energy bin of prompt v, events with the true (MC) neutrino
interaction vertex in the fiducial volume has been compared to the equivalent sample of
CORSIKA events. After this procedure, the energy spectra were in good agreement as
shown in Figure Yet some small differences still exist in the high energy region due to
the lack of CORSIKA events in some of the categories in that region. However, since both
sensitivity and discovery potential are based on the cumulative number of events, these
differences are negligible for any cut E, < 10 GeV.

The procedure described above was implemented only for v, and 7, CC events since the
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current statistics of v, and 7, events in the CORSIKA production is poor. Also v, and 7,
NC events are excluded from this case study since their contribution to the total neutrino
background, after applying the cuts found by the MRF / MDP, was at per mille level (as
can be extracted from Tables and in Appendix|A]) so any attempt to reduce it even
further is unnecessary.

7.5.3 Sensitivity and discovery potential

The improvement to the sensitivity and the discovery potential expected by identifying
atmospheric neutrinos when accompanied by muons generated in the same atmospheric
shower due to the application of the self veto is explored in this section. After applying the
technique described in the previous section, the energy spectra of atmospheric neutrinos
produced by the standard and the CORSIKA productions are in good agreement making
it possible to use the events created by CORSIKA as part of the atmospheric neutrino
background sample. It should be noted that the events created by CORSIKA do not
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necessarily contain neutrinos accompanied by muons; whether a neutrino was accompanied
by muons was the outcome of the whole generation/simulation chain (described in Chapter
@. Therefor, the background sample used here comprises:

e atmospheric neutrino events simulated with the CORSIKA production, for events
with zenith < 87°,

e atmospheric neutrino events by the standard neutrino production for events coming
from the rest of the sky and

e atmospheric muon events (with Epynqre > 10 TeV and Epypagre > 50 TeV).

For the calculation of the sensitivity and the discovery potential the same procedure as
in Chapter has been followed. KM3NeT/ARCA (with 2 building blocks) was found to
be sensitive to the astrophysical neutrino flux after an observation time of 1.1 years (MRF
= 0.96). The cut values found by the MRF minimization, as well as the number of expected
signal and background events are summarized in Table Also In Table located in
Appendix [A] the number of expected signal and background events for all event categories
are detailed. No atmospheric muon event survived the above cuts and the number of ~ 0.2
background events were found by integrating the fitted function. In order to quantify the
effect of the self veto, the same cuts on the BDT output and on E, .., have been applied on
the standard neutrino production for the same observation time resulting to ~ 19.1 (from
~ 13.2 here) expected background events to 19.12 (from 13.22 here), so a 31% background
reduction was achieved.

Sensitive BDT cut E,e, cut signal events HEST background events HEST
to @ustro

[ Llyears 040  10%7 GeV 7.82 92% 13.19 98 % |

Table 7.6: BDT cuts and number of expected events given by the minimization of MRF for
a sensitivity with a 90% CL. The percentage of events correctly identified as HEST is also
given.

The ratio of the discovery flux normalization factor over ®q for 30 and 50 with 50% prob-
ability is shown in Figure as a function of the observation time for KM3NeT/ARCA
(2 building blocks). A 30 and a 50 discovery can be reached in 2.3 and 6.3 years respec-
tively, which translates to a 28% decrease in the observation time needed for both 3 and 50
discovery. In Table the cuts on the BDT value and on E,..,, the number of expected
signal and background events and the percentage of events correctly identified as HEST
for 2.3 and 6.3 years respectively are presented. In both cases no atmospheric muon events
survived the cuts given by the minimization of MDP and the fitted function also yielded
no events for the BDT output value cut at 0.46. The number of expected signal and back-
ground events for all event categories for a 50 discovery is detailed in Table [A-4]located in
Appendix [A]

To investigate the effect of the self vetoes, the number of expected atmospheric back-
ground v, and 7, CC events derived using the CORSIKA production was compared to
that derived by the standard neutrino production for zenith < 87°, after applying the
same cuts on the BDT output value and on E,¢.. The cut values used for this compar-
ison are those shown in for a 5o discovery. So for an observation time of 6.3 years
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Figure 7.28: Ratio of the discovery flux normalization factor over ®g for a 3o (blue lines)
and 50 (red lines) with 50% probability for 2 ARCA blocks, as a function of the observation
time in years. Solid lines: exploiting the self-veto effect - using both standard neutrino and
CORSIKA sample used to extract the atmospheric neutrino background, dashed lines: not
taking the self-veto effect into account - using only standard neutrino sample (same as solid

lines of Figure

’ Discovery BDT cut E,eo cut  signal events HEST  background events HEST‘

30 (2.3 years) 0.46 10° GeV 9.50 91% 7.17 99 %
50 (6.3 years)  0.46 10° GeV 26.03 91% 19.65 99 %

Table 7.7: Cuts and number of expected events given by the minimization of MDP for a
3 and 50 discovery using standard neutrino and CORSIKA samples. The percentage of
events correctly identified as HEST are also indicated.

~ 4.8 atmospheric background neutrino events are expected to come from above using the
CORSIKA sample of events while the corresponding number of events expected by not
taking the self-veto effect into account (using the standard neutrino production) is ~ 14.8.
This comparison illustrates the improvement that can be achieved. To quantify the quality
of the self veto effect, the unweighted CORSIKA events were studied further. From the
events (unweighted) surviving the cuts only 5 neutrino events were accompanied by muons
(stating with ~ 150000 neutrino events accompanied by muons). For these events the E),
and By, pundie are presented in Figure [7.29} All these events have neutrinos with energies
E, 2 100 TeV. Only 1 event has accompanying muons with Ep,pqe ~ 2 TeV, with a cor-
responding rate of 5.3 - 1072 events for 2 ARCA blocks in 6.3 years, while the rest of the
atmospheric neutrinos have accompanying muons with Ep,nqie S 60 GeV. So it is clear that
practically all atmospheric neutrino events accompanied by muons have been rejected.
Apart from the decrease of the background events coming from above it is also important
to identify the reduction on the whole background sample. By applying the cuts: BDT
output > 0.46 and E;¢co > 10°0 GeV to the standard neutrino production for an observation

time of 6.3 years (5o discovery), the number of expected background events left in the final
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Figure 7.29: True (MC) E, and true (MC) Epynaie of the CORSIKA events remaining after
imposing cuts: BDT output > 0.46 and Eyeco > 1070 GeV.

sample was 29.71 events. So by using the more realistic CORSIKA sample, a reduction of
34% in the total number of the neutrino background events was achieved. Since the cuts
found by the minimization of the MDP are the same for a 30 and a 50 discovery, the same
reduction on the number of background events is expected.

7.6 Conclusion

In this chapter a tool was introduced, the MAMBA rejection, based on a BDT classifier
designed to differentiate between incoming events to the ARCA detector and HEST events.
By using the MAMBA rejection high purity samples of HEST events were selected analyses
were conducted for the sensitivity and the discovery potential of ARCA to an astrophysi-
cal neutrino. ARCA is expected to be sensitive to the astrophysical neutrino flux used in
approximately 1.3 years and it is also expected to make a 30 and a 50 discovery with 50%
probability in approximately 3.2 and 8.7 years, respectively, using only HEST events. Then
the self-veto effect was also explored using a sample of atmospheric neutrino events accom-
panied by muons simulated with CORSIKA. By selecting HEST practically all atmospheric
neutrino events accompanied by muons were practically rejected achieving a reduction of
the total atmospheric neutrino background of 34%. By taking into account the self-veto
effect, ARCA is expected to be sensitive to the astrophysical neutrino flux considered in
approximately 1.1 years and it is also expected to make a 3 and a 5o discovery with 50%
probability in approximately 2.3 and 6.3 years, respectively, using only HEST events.
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Chapter 8

Differentiation Of Shower-Like
From Track-Like Events

8.1 Introduction

The majority of the neutrino events interacting inside the volume for any neutrino telescope
are shower-like events, since this is the signature of all three neutrino flavors interacting via
Neutral Current (NC) interaction as well as of electron neutrinos interacting via Charged
Current (CC) interaction. Thus the shower channel is very important for all analyses
requiring the neutrino interaction to be located inside the detector. Also, in order to focus
on the shower channel, the requirement that the reconstructed vertex is contained inside
the detector is a very powerful tool. In such analyses, the major background to the shower-
like signal are atmospheric muons reconstructed as showers by the shower reconstruction
algorithms. As already mentioned in Chapter the expected rate of atmospheric muons
reaching the ARCA telescope is many orders of magnitude larger than the rate expected
from neutrinos, so the suppression of this background is of critical importance.

The approach to the utilization of the shower channel for KM3NeT ARCA, up to now,
has been to suppress the atmospheric muon background by exploiting the available infor-
mation provided by the reconstruction algorithms[69) [120], yielding great results. By this
approach a 50 discovery with 50% probability of an astrophysical neutrino flux, modeled as
a power law with a cutoff, is expected to be made by ARCA in less than a year. Another
approach to utilize the shower sample is to reliably differentiate all track-like events from
the true shower-like events relying on the different event topologies. To explore this ap-
proach a BDT-based tool was created to perform this task and an analysis of the discovery
potential of ARCA using a high purity shower sample was conducted. This tool can be
also used in any analysis requiring a high purity sample of contained shower-like events,
like a High Energy Starting Events (HESE) analysis. This tool has already been used in a
sensitivity analysis of ARCA to the Glashow resonance [121].

The following samples of MC events have been used for the development and for testing
of this tool and the analyses conducted in this chapter:

1. All flavors of neutrino events simulated with GENEHN.

2. Atmospheric muon events simulated with MUPAGE. Teo different samples have been
used: the first one comprising events with Epynqie = 10 TeV having a livetime of
approximately 3 months for 1 ARCA block and the second comprising events with
Epundie = 50 TeV having a livetime of approximately 3 years for 1 ARCA block. Asin

119
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Chapter [7| both samples have been used in their full energy range in order to achieve
better statistics in the high energy region.

8.2 A tool to differentiate showers from tracks

A tool to select shower-like events has been designed for the KM3NeT/ARCA detector.
This tool utilizes the different event typologies and characteristics of track-like and shower-
like events interacting inside the volume of the ARCA detector. Shower-like events have
been considered as signal while track events have been treated as background for the shower
selection and were consequently rejected. The tool comprises the following steps:

e Enhancement of the contribution of well reconstructed events to the contained events
reconstructed by the shower reconstruction algorithm, by applying quality cuts.

e Rejection of events with a clear track signature.

e Use of a Boosted Decision Tree (BDT) classifier with twelve event based variables to
make the final differentiation.

These steps are detailed in the following subsections.

8.2.1 Selection of well reconstructed contained events

A Ashowerfit is the official reconstruction of shower events for KM3NeT /ARCA. The shower
reconstruction provides an excellent angular resolution with a median of 1.5° for High En-
ergy shower events (E, > 60 TeV) as shown in Figure In order to select well recon-
structed events having the reconstructed vertex inside the volume of ARCA, the following
quality criteria have been posed [122]:

e the reconstructed vertex to be located inside the instrumented volume of ARCA.

e the angular error parameter 3, provided by the reconstruction, to be lower than 10°,
for events with reconstructed energy EAashower fit > 10* GeV .

e for events with lower reconstructed energies the beta parameter to fulfill:
B > 4- (4 —logio(Eaashowerfit) (50 B is required to acquire higher values as the
reconstructed energy gets lower).

In Figure the angular difference of the reconstructed and the neutrino direction
(angular resolution) of truly contained v, NC events is presented as an example (similar
resolution is obtained for the other types of shower-like events). It can be observed that the
vast majority of misreconstructed events are rejected by the use of these quality criteria. In
more detail, the selection efficiency is approximately 70% for events with angular resolution
up to 1 degree, it drops rapidly to 10% for events with angular resolution up to 8 degrees
and it reaches the percent level for events with angular resolution 20 degrees and higher.

8.2.2 Selection of shower-like events based on topological criteria

In order to further remove track events from the shower sample, a series of selection criteria
based on event topological characteristics distinct to track-like events have been developed
to identify them. Thus, information derived from the track reconstruction has also been
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Figure 8.1: Angular difference of the reconstructed and the neutrino direction of truly con-
tained v, NC events. In black: all events; in blue: events fulfilling quality requirements; in
red: events failing these cuts. The selection efficiency is also shown.

required and therefore the additional requirement for the events to have been also recon-
structed with JGandalf has been posed. For the track reconstruction no quality criteria
have been applied, the sole requirement has been the existence of at least 1 reconstructed
track candidate. This requirement has almost no impact on true contained shower-like
events since practically all these events are also reconstructed by the track reconstruction.

Any event fulfilling all of the following criteria has been considered as track event and
has been rejected from the shower sample:

o At least 5 triggered hits in spatial and time coincidence with the reconstructed track,
in at least 5 DOMs, located in at least 2 strings.

e A minimum track length, estimated using the hits in spatial and time coincidence
with the reconstructed track, of 300m.

e On average at least 1 hit consistent with the track hypothesis for every 100m of track
length.

e A fraction of the hits in spatial and time coincidence with the reconstructed track
found in border areas of less than 95% and those in border areas near or behind the
reconstructed vertex being of than 80%.

e Less than 20% of the hits to be found behind the reconstructed vertex and most of the
hits to be consistent with the time expected by the reconstructed track hypothesis.

To further reinforce the above requirements two additional criteria have also been posed.
If either of the them was fulfilled, the event was considered as track event and it was rejected
from the shower sample.

1. At least one PMT hit in a time window defined using two different hypotheses for the
arrival time of the emitted photons [Cherenkov photon emitted from a muon using
the reconstructed track direction, photon emitted from the reconstructed vertex].
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2. Taking the reconstructed track hypothesis having at least one hit consistent (in time
and spatial coincidence as described in Chapter @ with the assumption that it is
created by Cherenkov photon emitted at a distance at least 250 away from the recon-
structed vertex (along the reconstructed track).

The above criteria were developed to identify well reconstructed true track events. Though
the first might seem loose, it is quite strict since the required time window is very narrow,
a spatial correlation between the PMT and the reconstructed track is required and also the
angle between the PMT orientation and the hypothetical photons is examined.

These selection criteria were developed in such a way so that high efficiency could be
retained on true shower events fulfilling the quality requirements and at the same time a
high rejection power on true track events could be ensured. The efficiency of the above
criteria is presented in Figure 8.2l The efficiency is shown on the right for atmospheric
muon events (true tracks) as a function of Epy,qie and on the left for all types of shower-like
events (all v NC events as well as v, and 7; CC events) as a function of E,. On the left plot,
a drop of the selection efficiency for 7; CC events is observed in the energy range of the
Glashow resonance. Even though 7; CC interaction are considered as shower like events,
when a W boson is created (Glashow resonance) there is a probability that a muon will be
present at the final state due to the leptonic decay modes of the W boson. The drop of
the efficiency is due to the fact that these (track-like) events have been identified by the
selection criteria and were rejected from the shower sample. The MC particle information
of the rejected events was investigated revealing that a muon existed in all of these events.

KM3NeT/ARCA Preliminary KM3NeT/ARCA Preliminary
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Figure 8.2: Selection efficiency of the criteria developed to reject track-like events applied
to all events fulfilling the quality requirements. Left: all types of shower-like events - in
black all v NC events, in red v, CC events and in blue U CC events. Right: atmospheric
muon events, used as true track events, with respect to Eyyndie-

8.2.3 BDT and Variables

Even though a large reduction of the contribution of track events to the shower sample
has been achieved by applying the requirements described above, by only applying the
quality and the selection requirements, track events (predominantly atmospheric muons)
still dominate the signal from showers stemming from neutrinos interacting in the volume
of the detector. More than 2 and 15 atmospheric muon events per hour are expected to
satisfy the above conditions, for atmospheric muons with Epunge > 50 and Epypge > 10
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TeV, respectively. In order to further suppress the background from tracks a BDT has been
employed.

The BDT used is contained in the TMVA [114] package of the ROOT Data Analysis
Framework version 5.34/26 [I15]. It comprises 600 decision trees with a maximum depth
of 3 layers. For a leaf node to be created it should comprise at minimum 3.5% of the
events used for the training. Moreover the splitting of each node is decided based on the
gini index. The boosting is preformed with AdaBoost with a beta exponent of 0.1 and the
training sample used for each tree is created by bagging a sample with size 90% the size of
the training sample of the BDT classifier]l}

To differentiate between shower-like and track-like events, twelve event based variables
have been constructed aiming to identify the following characteristics:

1. track-like events

2. incoming track-like events events to the detector

3. shower-like events

4. differences in the track-like and shower-like event topologies

For the description of the BDT variables the following terminology is used:

e Reconstructed track = Directional reconstruction with JGandalf and vertex recon-
struction with the method described in Chapter [7.2.3

e Time coincidence with the reconstructed track = |Time residual| < 20 ns.

e Spatial coincidence with the reconstructed track = Vertical distance of the PMT hit
to the reconstructed track < 111 m. This value was chosen so that the path length
of the photon is < 3 absorption lengths.

e Border DOMs = The two upper DOMs (17 and 18).

e Border Strings = Strings: 105,104,103, 102, 101, 71, 100, 98, 96, 94, 92, 62, 93, 95, 97, 99,
91,115,114,113,112,87,86,85,111,110, 109, 82, 81, 80, 108,107,106, 77 and 76. The
border strings are shown in Figure [7.6] left in red.

Variables used in the BDT:

1. An approach based on the selection criteria detailed in Chapter is followed where
slightly stricter requirements are set. If all requirements are met, a boolean is set.
This variable targets characteristic

2. A strict containment criterion is formed. Using the Cherenkov hypothesis, the emis-
sion points of the hits in time and spatial coincidence with the reconstructed track are
clustered in groups. A maximum distance of 100 m between 3 consecutive emission
points inside the cluster is required. A boolean is set if both the reconstructed track
vertex and the emission point farthest from the vertex are contained inside the volume
of the detector. This variable targets characteristic [2]

!The configuration of the BDT used:
TMVA::Types::kBDT, ”BDT”,”!H:!V:NTrees=600:MinNodeSize=3.5%:MaxDepth=3:Boost Type=AdaBoost:
AdaBoostBeta=0.1:UseBaggedBoost:BaggedSampleFraction=0.9:SeparationType=Ginilndex:nCuts=19



124

CHAPTER 8. DIFFERENTIATION OF SHOWER-LIKE FROM TRACK-LIKE
EVENTS

10.

11.

12.

The fraction of triggered hits in PMTs with distance from the AAshowerfit vertex
< 165 m which are on border DOMs or border strings is utilized to examine the
shower activity in border areas. This variable targets characteristic

Using a pseudo-track having as vertex and direction those found by AAshowerfit a
similar clustering technique of the emission points of hits as in variable [2| is applied.
The variable used is the distance from the AAshowerfit vertex to the most distant
emission point selected. The normalization of this variable depends on the recon-
structed AAshowerfit energy. This variable targets characteristic [T}

. The distance of the AAshowerfit vertex and the vertex of the reconstructed track.

This variable targets characteristic [4]

The length of the track found by hits in time and spatial coincidence with the recon-
structed track assuming the Cherenkov hypothesis. This variable targets characteris-

tic [l

An approximation of the shower profile using the reconstructed track, the recon-
structed vertex and the plane perpendicular to it (using two perpendicular hypothet-
ical tracks on it). This variable targets characteristic

Same approach as above using a pseudo-track having as vertex and direction those
found by AAshowerfit. This variable targets characteristic

The number of the hits in time and spatial coincidence with the reconstructed track, in
a cylinder round it is found. Also the number of the hits it time and spatial coincidence
with the reconstructed shower, in a sphere around the shower reconstructed vertex is
found and the ratio of the two densities is used. This variable targets characteristic

]

The fraction of hits consistent with the track hypothesis far from the reconstructed
vertex. This variable targets characteristic

Number of triggered hits in PMT's in a sphere around the AAshowerfit vertex. This
variable targets characteristic

The angular difference of the reconstructed shower and track directions. This variable
targets characteristic

To train/test the BDT, from the events satisfying the quality and selection requirements,
the signal sample comprised:

e v, NC events having the true (MC) neutrino vertex inside the volume of ARCA.

while the following atmospheric muon event samples have been combined to form the back-

ground sample:

1.

2.

with Ebundle > 10 TeV and

with Ebundle > 50 TeV.

The BDT classifier was trained/tested using part of the available MC simulated events.
The rest of the events were used for the evaluation of the trained BDT and in physics
analyses. The training/testing signal sample consisted of:
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e 10% of the available events.

while the training/testing background sample consisted of:

e 4.6% of the available atmospheric muon events with Ep,nqe > 10 TeV and

e 5.8% of the available atmospheric muon events with Ep,nqe > 50 TeV

The training/testing of the BDT was conducted using unweighted events, like the BDT
used in the MAMBA rejection (Chapter . This way, all events are equally important
to the training process. As in the case of the BDT used in the MAMBA rejection, also in
this case tests were conducted to train the BDT using weighted events (atmospheric muon
events weighted to a predefined livetime and neutrino events weighted with the weight
produced by GENHEN convoluted with the astrophysical neutrino flux for that livetime).
The BDT trained with weighted events performed worse than that trained with unweighted
events, so this training scheme was abandoned. Before training the BDT the values of the
variables used were “normalized”, like in the case of the variables used in the MAMBA
rejection (Chapter . In Figure the distributions of the variables of the events
contained in the training/testing sample, after normalization, are presented in blue for the
signal and in red for the background.

Even though BDTs are not expected to underperform when provided with correlated
variables, as already mentioned in Chapter the correlation matrices of the variables
belonging to the signal and background sample, as provided by TM VA, are shown in Figure
[B:4] As it can be observed the only highly correlated variables are variables 8 and 11 only
for the signal sample as well as variables 6 and 10 only for the background sample. This
behavior is expected since both variables 6 and 10 have been designed to identify track
events while both variables 8 and 11 to exploit the different topologies of shower-like and
track-like events. The ranking of the variables based on separation and on importance is
shown in Table Rl Various tests have been made in which the correlated variables and
the variables with low rankings, based both on separation and on importance, have been
removed and the BDT was retrained. All these tests resulted to a trained BDT having
worse performance, thus the twelve-variable model was adopted.

During the training/testing phase of the BDT, the events used were split into two
subsamples, one used for the training and one for the testing. The splitting of the events
was done randomly with a ratio of 50% - 50% for the training and the testing samples
(these fractions are the default values of the TMVA package). At the end of the training
phase the test sample was used to provide a check for overtraining. As demonstrated in
Figure where the distributions of the BDT output values of the training (area) and the
test (points) samples are overlaid, no overtraining is observed as expected since the BDT
classifier used comprised descision trees with depth 3.

Despite the fact that no overtraining was observed a separate test was performed to
validate this claim, as was also done for the case of the MAMBA rejection BDT (Chapter
7.2.6). The files not used for the training/testing procedure were utilized as an evaluation
sample in order to establish that the performance of the BDT on this sample is similar to
the performance on the training and testing samples. The procedure is described below:

1. The efficiency for the training and test sample to identify signal events was set to a
specific value (60 %) which was achieved by a BDT cut value of 0.49.

2. Events belonging to the rest of the production files satisfying the quality and the
selection requirements have been evaluated with the BDT. No MC information has
been used.



CHAPTER 8. DIFFERENTIATION OF SHOWER-LIKE FROM TRACK-LIKE

Input variable: vari Input variable: var2 Input variable: vard
5 mi‘ﬁghal""""""': 5 W T T 8 LB . . T
& [ Background ] & B =
= m g 15 = =i £ 2w g
g jg 5 asf g 5 g
= @ s = B £ = @ g
2 1% £ wf § 2 5
= ] = B = p
20 - 15 = =
1= 1 g
1= ol 4 5
1a I i @
10 qu s &
E§ s § : §
o . . ) . H] o . . ) . H] H
0.2 0.4 0.6 0.8 | (] 0.2 0.4 0.6 08 1 (] 0.2 0.4 0.6 0.8 [
vart var2 vard
Input variable: vard Input variable: vars input variable: varg
i 12:............................: - @ 3
0 E ] 3 o E
=] 10 4. 1 o 3
S F 1§ = =
5 sb 1= 35 = EE
= b 1= = £ 4=
= 18 = 2 35
1= EE]
a =L
qm E L]
s i EL
1 El
18 I8
0 02 o4 06 0B 1 12 14 02 04 06 O O 0204 0B 0B 1 1214 16 18 2
ward varg
Input variable: var? Input variable: varg Input variable: varg
T = R aRAaas L RN T s S 2 P e
Ty 8 ® E § =
3 el g . E S
o H g _-g = g
B = E =~ &
g ' E 35 3 . o
— 12 = = 4 = - 2
z : s E S 2
2 o ¢ = ETE ¢
of 3 EES g g
H e 2z 4% 8 Z
= m Jm m
N: iy je ¢ o
14 3
B = ]
2f § i § 2 §
o 5 o BT 35 o P T T 5
o 0.2 0.4 0.6 0.8 1 0 01 02 03 04 05 06 07 0B 08 0 02 04 06 0B 1 12 14 18
war? vard vard
Input variable: var10 Input variable: vari1 Input variable: var12
b 45 E [ E &
E 1. & E ]
S EF- EFE: 1z
= El = e = 1=
= B 4 = 42 = 1%
£ 1; £ i £
= 20 —_§ = é = :é
e EE EE EE
EL qa 1&
E H H it
5 = = 3
=] i E -]
o P i Lo 5 - e b d 5 a 3
(1] 0.2 0.4 0.6 0.8 1 0.4 0.6 0.8 [ 01 02 03 04 05 06 0.7 OB 08
varild varil vari2

Figure 8.3: BDT input variables for the training/testing sample after normalization.

3. A cut on the BDT value > 0.49 was posed. All events fulfilling this condition were
accepted for the final sample.

Figure shows that for BDT values > 0.49 very few background events are found in
the training and testing sample. However for the training and testing only 4.6% and 5.8%
of the atmospheric muon events with Ep,nqe = 10 TeV and Epyngie = 50 TeV, respectively,
have been used. Thus it is expected that after imposing this cut some background events
will still survive.

The efficiency found for the rest 90% of the v, NC event sample is 58.58% and the
background events remaining are:

e 34 out of ~ 31700 atmospheric muon events with Epynqe > 10 TeV.

e 6 out of ~ 50700 atmospheric muon events with Epynqe > 50 TeV.
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Correlation Matrix (signal) Correlation Matrix (background)

Linear correlation coefficients in % 100 Linear correlation coefficients in %
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Figure 8.4: The correlation matrices for the signal (left) and the background (right) as
provided by TMVA.

Variable Ranking based on
Separation | Importance

varl 11 12
var2 1 2
var3 3 5
vard 2 1
varb 4 9
var6 6 3
var’ ) 4
var8 9 8
var9 8 10

varl0 7 11

varll 10 6

varl2 12 7

Table 8.1: Ranking of the variables using Separation and Importance.

e 571 out of ~ 4000 v, CC events (~ 14% of the events fulfilling base and initial
requirements).

In Figure the energy distributions of the v, NC events (which were not used for
training/testing) satisfying the quality and the selection requirements and of those events
surviving the BDT cut are shown in blue and red respectively. The efficiency of the BDT
cut, also shown, rises as the neutrino energy increases, reaching 60% for E,, ~ 100 TeV and
70% for neutrino energy a few PeV.

Shower-like event samples are dominated by v, and 7, CC events, so in principle these
events could have been used for training the BDT. When v, (7¢) interact via CC interaction
an (anti)electron is produced which creates an electromagnetic cascade in the water. Thus
all the energy of the parent neutrino is relished into the hadronic and electromagnetic
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Figure 8.6: Energy distributions of the signal v,, NC events satisfying the quality and the
selection requirements in blue and of those surviving the BDT cut at 0.49 in red. The
selection efficiency, is also shown, as a function of the neutrino energy.

cascades. Contrarily, when any neutrino interacts via NC interaction, only part of the
neutrino energy is transferred to the particle it interacted with, so the light output is lower
than that yielded by v. (7z) with the same energy interacting via CC interaction. As it
can be observed in Figure [8.6] the BDT selection efficiency increases as the energy of the
neutrino increases, so v, (7.) interacting via CC interactions are expected to have higher
selection efficiencies for the same neutrino energy. In Figure [8.7] the selection efficiency with
respect to the neutrino energy for v, NC events, all neutrino NC events as well as v, and
U, CC events is shown in black, blue and red respectively. As expected, the v, and 7, CC
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events have higher selection efficiencies for the same neutrino energy.
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Figure 8.7: Selection efficiency of the BDT for a cut at a value 0.49 for v, NC events in
black, all NC events in blue as well as v, and U, CC events in red, as a function of the
neutrino energy.

Due to the fact that contained v, CC events can exhibit both track-like and shower-like
behavior, depending on the position of the neutrino interaction in the detector and the
Bjorken y, these events have not been included in the training/testing sample used. As
mentioned above, 571 v, CC events passed the BTD selection cut which was ~ 14% of the
v, CC events fulfilling the quality and selection requirements. Although this percentage is
small, the characteristics of these events were further investigated. In Figure left, the
energy of the hadronic cascade is displayed with respect to the energy of the muon for these
events. 63% of these events have larger shower energies than muon energies, resulting to
their categorization as shower-like events. Most of the events having muon energies larger
than the energy of the hadronic cascade, have the neutrino interaction vertex near the edge
of the detector and the muon track is outgoing, as displayed in Figure [8.8| right. Since
the muon travels only a short distance in the instrumented volume, the hadronic cascade
determines the event classification as a shower.

To conclude, the similar performance of the BDT on the signal events of the training and
of the evaluation samples validates the fact that the BDT exhibits no overtraining. Finally,
the BDT efficiency is optimized for events with energetic cascades and the background
rejection is very powerful.

8.3 Discovery potential with showers

8.3.1 General

The procedure to differentiate showers from tracks described in the previous chapter has
been used to estimate the discovery potential of ARCA (2 building blocks) for the astro-
physical flux of equation [7.5] using only shower events. As atmospheric neutrino fluxes, the
Honda 2016 model with the knee correction [23] and the Enberg 2008 model [24] have been
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Figure 8.8: Left: The energy of the hadronic cascade with respect to the energy of the muon
for the v, CC events categorized as showers by using a cut value of 0.49 on the BDT output.
A red diagonal line is overlaid to guide the eye. Right: The true (MC) interaction vertices
and directions of the v, CC events for which the energy of the muon is larger than the
energy of the hadronic cascade.

used for the conventional and the prompt components respectively, as in Chapter [7.4.4]
The discovery potential has been estimated using the MDP method.

8.3.2 Discovery potential calculation

From the events not belonging to the sample used to train the BDT, those that satisfy
the quality and selection requirements have been selected for this analysis. The selected
events were evaluated with the BDT and a BDT output value was assigned to each event.
In Figure left the BDT values are shown for v and 7 NC (all flavours), v, and 7, CC,
v, and 7, CC and for atmospheric muon events. It can be observed that the BDT has a
considerable discriminating power between true shower and track events. Then the MDP
method was used to find the best cuts to be imposed on the reconstructed energy found by
AAshowerfit and the output of the BDT. During this procedure no information from MC
was used. The binning for the search of the optimal cuts was 0.1 in the logarithm of the
reconstructed energy and 0.01 in the BDT output value. All neutrino events weighted with
the astrophysical flux (equation were considered as signal events. The background sam-
ple consisted of atmospheric neutrinos and atmospheric muons. The atmospheric neutrino
sample comprised all v,,, 7, v. and 7, events weighted with the atmospheric neutrino fluxes.
The atmospheric muon sample comprised atmospheric muon events with Ep,nqie > 10 TeV

and Epyngie > 50 TeV. In Figure [B.9] right the BDT output values for all neutrino events
weighted with the astrophysical flux and for all atmospheric muon events are presented.
As already detailed in Chapter [7.4.4] the MDP technique might sometimes find as opti-
mal cuts values right after the last event of the background distribution. In order to avoid
such effects that might bias the results the same approach to estimate the atmospheric
muon background was followed as in Chapter [7.4.4] So, the cumulative BDT output dis-
tributions were fitted and the background from atmospheric muons was calculated also
by this fitted functions. Since the energy spectra of the two atmospheric muon samples
overlap, the sample with Ep,nqe = 10 TeV was split into a subsample with Ep,nqe < 50
TeV and a subsample with Ey, g > 50 TeV which was added to the atmospheric muons
with Epyndgie = 50 TeV. This was done in order to have two non overlapping samples in
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Figure 8.9: Left: BTD output values for v and 7 NC events (black), ve and 7z CC (blue), v,
and v, CC (green), atmospheric muon events with Eyyngie > 10 TeV (red) and atmospheric

muon events with Eypnqe > 50 TeV (magenta). Right: Number of events expected in 1
year for 2 ARCA blocks with respect to the BDT output value for all astrophysical neutrino
events (black) and atmospheric muon events from both samples with Epyngie > 10 and 50

TeV (red).

energy. Before fitting the BDT output distribution, the MDP has been employed and the
cut on the reconstructed energy has been found to be: EAashowerfit > 10*3 GeV. In order
to allow the possibility of finding a lower cut value on the reconstructed energy after adding
background events, the distribution of the BDT output values for those events satisfying
EAAshower fit = 10*2 GeV was plotted and fitted. Since this method has been employed
to approximate the tail of the BDT output distributions, the fits were performed in the
range of the BDT output values [0.3, 0.7]. The cumulative BDT output distributions for
the atmospheric muon event samples with 10 TeV < Epynaie < 50 TeV and Epypngre = 50
TeV and the fitted functions (equations and respectively) are shown in Figures
and left. In Figures[8.10]and [8.11| right, the distributions of the number of background
events satisfying E,eco > 10*2 GeV and those derived from equations and are also
shown. To estimate the total number of atmospheric muon events for each BDT output
value, the number of events surviving that BDT output cut and the value of the fitted
cumulative function were found. The number of events derived from both samples (of at-
mospheric muon events with 10 TeV < Epynqie < 50 TeV and Epypaie > 50 TeV) were added
(separately for the cut and count and for the fitting procedures) and the maximum number
of events from these procedures was considered for the background calculation.

cumulative Nevents 10 TeV < Epundle <50 TeV = V 183 —-279 -x- (269.1 —509.8 - X) (8.1)
cumulative Neyents Bpyqe > 50 Tev = (0.36 - x> 4 0.35 - x — 0.05) - exp(18.2 — 27.0 - x) (8.2)
where x is the BDT output value

The discovery potential for ARCA (2 building blocks) using contained shower-like events
was found using the MDP method. In Figure the ratio of the discovery flux normaliza-
tion factor over ®( for 50 discovery with 50% probability (blue) and 90% probability (red)
with respect to the observation time is displayed. ARCA is expected to make a 5o discovery
with 50% and 90% probability in approximately 0.5 and less than 0.9 years respectively.
In Table the cuts on the BDT value and on E4ashowerfit, the number of signal and
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Figure 8.11: Left: Distributions of the BDT output values for atmospheric muons with
Byundie > 50 TeV satisfying Eyeco > 1042 GeV in black and the fitted function in blue. Right:

Distributions of the number of events satisfying Ereco > 10%2 GeV in black. The function

derived from the fitting of the cumulative distribution showing the number of background
events is also presented in blue.

background events and the percentage of correctly identified events as shower-like for 0.5
and 0.9 years, respectively, are presented. In both cases (50 discovery with 50% and 90%
probability), the cuts found by the MDP were the same. In Figure the values of the
MDP for a 50 discovery with 90% probability (livetime of 0.9 years) for various BDT output
values and E,¢., values are presented. In order to focus on low MDP values, MDP values
larger than 10 (left plot) or larger than 5 (right plot) are not taken into account in the
plot. As it is illustrated on the right plot, a rectangular like shaped area of low MDP values
appears for BDT output values from ~ 0.50 to 0.60 and for E,e, from ~ 10*! to 10*7
GeV. The values Egashowerfit = 10*2 GeV and BDT output = 0.53 for which the MDP
is minimized reside inside this area which appears in the right plot as an even darker blue
rectangle. The number of expected signal and background events for each type, for both 50
with 50% and 90% probability is shown in Table in Appendix [Bl The expected number
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of signal events surviving each cut, for a livetime of 0.9 years, is shown in Figure for
ve CC (top left), 7z CC (top right), all NC (bottom left) events as well as for all types
of events considered as shower-like events, the sum of the previous three plots, (bottom
right) with respect to the true E,. Also, the ratio of the number of events surviving each
cut over the number of triggered events is shown in Figure left, for all shower events
(v NC all flavors, v, and 7, CC) with respect to the true E,. In Figure right the
selection efficiencies for well reconstructed shower events with respect to the true E, are
also presented.
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Figure 8.12: Ratio of the discovery flux normalization factor over ®¢ for 5o discovery with
50% probability (blue) and 90% probability (red) with respect to the observation time in
years for 2 ARCA blocks.

50 Discovery BDT cut Eaashowerfit signal true background shower
cut events showers events like
50% Prob. (0.5 years) 0.53 10*2 GeV 24.90 96% 17.62 94%
90% Prob. (0.9 years) 0.53 10*2 GeV  44.82  96% 31.72 94%

Table 8.2: BDT and AAshowerfit energy cuts and number of expected events given by the
minimization of MDP for a 50 discovery with probability of 50% and 90%. The percentage
of events correctly identified as shower-like is also given.

For 50 discovery with 90% probability, which is expected to be reached in 0.9 years of
observation, approximately 96% of the signal events are correctly identified as showers. The
number of expected background events is 31.72 out of which 1.92 are atmospheric muons
(6%), leading to a correct identification of 94%. The 1.92 expected atmospheric muon
events are the result of the cut and count technique since the use of the fitted functions
resulted to slightly less events. The remaining v, and v, CC events in the final sample
are 7.47 (23%). For most of these events the energy of the hadronic cascade is larger than
the energy of the muon. The rest have the neutrino interaction vertex near the edge of
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Figure 8.13: MDP values for a 5o discovery with 90 % probability (livetime of 0.9 years) color
coded, for various BDT output and Eye., values. The empty bins correspond to MDP values
greater than the maximum used for each plot, or to bins where the number of background
events is more than 10000. Left: MDP values up to 10 are shown. Right: MDP values up
to 5 are shown.

the detector and the muon track is outgoing. So they exhibit a shower-like behavior in a
similar manner to those shown in Figure 8.8

8.4 Conclusion

A BDT based tool developed to differentiate shower-like from track-like events for the
ARCA detector was introduced. By using this tool, high purity shower-like samples of
events were selected and an analysis to estimate the discovery potential of ARCA to an
astrophysical neutrino flux was conducted. ARCA is expected to make a 50 discovery with
50% and 90% probability in approximately 0.5 years and less than 0.9 years respectively,
using only shower-like events.
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Chapter 9

A High Energy Starting Events
Analysis With KM3NeT/ARCA

9.1 Introduction

In the previous chapters two tools designed to select HEST and contained shower-like events
for KM3NeT/ARCA were presented. These tools have been very successful in selecting high
purity samples of HEST events and contained shower-like events. The samples provided by
these tools were combined to a High Energy Strating Events (HESE) sample. The advan-
tages of a HESE analysis is that the atmospheric muon background is highly suppressed,
as already demonstrated for both the HEST and the contained shower-like event samples.
Also, by selecting contained events, increased accuracy of the measured neutrino energy is
expected, leading to a reliable estimation of the diffuse astrophysical high energy neutrino
flux spectrum. Finally, the self veto effect (described in Chapter is expected to further
reduce the contribution of the atmospheric neutrino background. The IceCube collabo-
ration, based on a sample of High Energy Starting Events, has presented results on the
estimation of the diffuse astrophysical neutrino flux [36] 123} 53] as well as on the flavor
composition [54] and on dark matter searches [124] among others.

In this chapter an analysis of the discovery potential of ARCA using HESE is described.
In this analysis the following samples of MC events have been used:

1. All flavors of neutrino events simulated with GENEHN.

2. Atmospheric muon events simulated with MUPAGE (two different samples) were
used, the first one comprising events with Epyngie = 10 TeV having a livetime of
approximately 3 months for 1 ARCA block and the second comprising events with
Epundie = 50 TeV having a livetime of approximately 3 years for 1 ARCA block. Asin
Chapter [7] both samples have been used in their full energy range in order to achieve
better statistics in the high energy region.

Even though the self veto effect is expected to have a considerable impact on the atmospheric
neutrinos accompanied by muons created at the same atmospheric shower, currently the
statistics of v, and 7¢ events in the CORSIKA production (Chapter is poor. Thus the
self veto effect has not been explored for the HESE sample so no CORSIKA sample has
been used.
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9.2 An analysis of the discovery potential of ARCA using
HESE

In order to estimate the discovery potential of ARCA to the astrophysical neutrino flux of
eq the tools described in the previous chapters were combined. The outcome of using
both tools was two samples of events, a sample of contained shower events and a sample of
HEST, the combination of which formed the HESE sample. The MDP method was used
in order to find the optimal cuts on the BDT output values as well as on the reconstructed
shower and track energies. The procedure followed is described below:

1. All events were processed by the shower-track differentiation tool and a differentiator
BDT output was applied to each of the events that survived the selection criteria of
this tool. The BDT output value was used to select the shower-like and the track-like
samples.

2. All events were processed by the MAMBA rejection and a MAMBA BDT output
was applied to each of the events that survived the selection criteria posed by the
MAMBA rejection. The BDT output value was used to select the contained tracks
from the track sample.

3. Minimization of MDP was applied. The MDP was calculated for the different values
of the differentiator BDT output, the MAMBA BDT output, the reconstructed track
energy (Chapter and the A AshowerFit energy and for various observation times.
The set of these four values leading to a minimum MDP was used to select the final
samples of events for each observation time period.

A flow chart of this procedure is depicted in Figure 9.1

The procedure described above represents a self-consistent method of treating all de-
tected events as each event is classified in only one of the distinct categories of shower-like
or HEST or through-going track events. For a 50 discovery with 50% and 90% probability
it has led to an observation time of less than 0.5 years and of 0.8 years respectively. In
Table the values of the four parameters, above which an event was selected by the MDP,
are presented for both cases. For both HEST and shower-like events samples, the number
of expected atmospheric muon background events was calculated using the cut and count
method and the value derived by the fitted functions as described in Chapters and
8.3.2| respectively and the maximum of these two values was taken into account. In Fig-
ure the ratio of the discovery flux normalization factor over ®¢ for 5 o discovery with
50% probability (blue) and 90% probability (red) is shown with respect to the observation
time. It is clear that an increase in the significance was achieved by combining the HEST
event sample with the shower-like event sample. Moreover, a further increase is expected
by exploiting the self veto effect for which, in this analysis, the lack of CORSIKA statistics
is the limiting factor. This is a point on which KM3NeT is currently investing effort in
order to significantly improve the statistics.

A 50 discovery with 90% probability can be achieved in an observation time of 0.8 years.
For this livetime the expectation is 42.49 signal events (39.84 categorized as showers and
2.65 categorized as HEST) and 30.87 background events (28.20 categorized as showers and
2.67 categorized as HEST). From the signal events found as showers approximately 96%
is correctly identified and from the starting track sample approximately 94% is correctly
identified. For the expected background to the track sample (2.67 events) all atmospheric
muons have been eliminated by the cut and count method, so the number of events (0.05
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Figure 9.1: A flow chart of the procedure followed to select the HEST and shower-like event
samples that form the HESE sample.

5 o Discovery “differentiator” | AAFit energy MAMBA Reconstructed
BDT output BDT output | track energy
50% Prob. (0.5 years) 0.53 10*2 GeV 0.40 10°3 GeV
90% Prob. (0.8 years) 0.53 1042 GeV 0.41 10°! GeV

Table 9.1: Cut values found by the minimization of the MDP for a 50 discovery with 50%
and 90% probability.

events) was found by the fitted function. For the expected background to the shower sample
(28.20 events) 1.71 events are atmospheric muons found by the cut and count method (the
sum of the fitted functions resulted to slightly less events). A brief summary of the expected
signal and background events for both cases is presented in Table[9.2] In the detailed Tables
and found in Appendix [C| the number of signal and background events for each
type of events for both shower and starting track samples and for the time of observation
needed for both cases are presented.

From the number of expected events shown in Table it can be observed that the
contribution of HEST events to the HESE signal sample is ~ 6% (when considering the
sample derived by the MDP for a 50 discovery with 90% probability). This is due to
the high value cut on the reconstructed track energy, resulting from minimization of the
MDP, which is required to minimize the contribution of the atmospheric neutrino events
to the track sample. It is worth mentioning that with the same MAMBA BDT output
cut (at 0.41), a cut on the reconstructed track energy can be placed as low as 10*7 GeV
without any atmospheric muon event entering the final event sample, leading to just 0.06
events from the fitted function. As indicated in Figure this is expected since the flux of
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Figure 9.2: Ratio of the discovery flux normalization factor over ®g for a b o discovery
with 50 % probability (blue) and 90 % probability (red) with respect to the observation time in
years, for 2 ARCA blocks. Solid lines: Ratio found by HESE analysis, dashed lines: Ratio
found using only the shower-like event sample (same as solid lines of Figure .

’ H expected signal events H expected background events ‘
’ 5 o Discovery H shower sample track sample H shower sample track sample ‘
50% Prob. (0.5 years) 24.90 1.07 17.62 0.70
90% Prob. (0.8 years) 39.84 2.65 28.20 2.67

Table 9.2: Number of expected signal and background events for the equivalent livetimes for
a 5o discovery with a probability of 50% and 90% (using the cuts given by the minimization
of the MDP) for both shower and HEST event categories.

atmospheric v, events rises much faster than the astrophysical neutrino flux as the neutrino
energy decreases. So the minimum MDP is achieved for a lower cut on the AAshowerfit
energy and a higher cut on the track reconstructed energy in order to minimize the number
of atmospheric v, background events. Moreover, the cuts for the shower-like event sample
found by the MDP are the same to those found when only the shower-like event sample was
used (Table . This is due to the fact that the shower-like signal sample contains much
more events than the HEST signal sample. Thus the minimum MDP for the HESE sample
is achieved for those cuts that minimize the MDP for the shower-like sample and then the
optimal cuts for the HEST events sample are found in such a way that the number of HEST
events added to the much larger shower-like events sample is minimizing the MDP. As a
test the optimal cuts for a 50 discovery with 90% probability were found by requiring the
cut values on the reconstructed track and shower energies to be the same. The cut values
found by the MDP for the shower-like sample were: E4ashower fit > 10*2 GeV and BDT
output > 0.53, the same as above. Also the cut on the MAMBA BDT output was found at
the high value of 0.60, minimizing the contribution of atmospheric (and also astrophysical)
neutrino track events.
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9.3 Conclusion

A High Energy Starting Events analysis for the full KM3NeT/ARCA (2 building blocks)
detector was conducted by combing the tools described in the previous chapters, de-
signed to select high purity samples of HEST and shower-like events. It is expected that
KM3NeT/ARCA (2 building blocks) will be able to make a 50 discovery of the astrophys-
ical neutrino flux with 50% and 90% probability in less than 0.5 and approximately 0.8
years respectively. A decrease of the observation time needed for the discovery is expected
if the self veto effect is also taken into account.
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Conclusion

The ARCA/KM3NeT telescope is optimized for the detection of high energy neutrinos from
astrophysical sources. An increase of the sensitivity for the detection of ultra high energy
neutrinos, like those expected from GRBs, can be achieved by sparsely instrumenting larger
volumes. However one of the most cost demanding parts of large underwater telescopes is
the sea-bed network thus making the sparse instrumentation of large volumes quite cost in-
effective. A cost effective way to instrument large volumes is by using autonomous neutrino
detectors like the Gamma Ray Burst Neutrino Telescope (GRBNeT) prototype. GRBNeT
was a project aiming to design, build and deploy an autonomous prototype neutrino detec-
tor. It was successfully completed with the deployment of a prototype detector on the 28th
of October 2015 and the prototype was recovered on the 11th of April 2017, after approxi-
mately one and a half years. Since the most crucial part of the whole project was autonomy,
very low power electronics were designed and implemented. Simulations were conducted in
order to optimize the trigger used at each floor to enhance the potential signal from High
Energy (HE) neutrinos from GRBs and at the same time minimize the contribution from
all background sources, but not completely eliminate the signal from atmospheric muons.
These simulations served to estimate the event rate and provide input to the electronics
group for the design of the electronics of the prototype.

The standard approach in KM3NeT to achieve the necessary suppression of the at-
mospheric muon background for the ARCA telescope to the track channel has been the
rejection of all events reconstructed as downgoing. However, a significant suppression of
the atmospheric muon background can also be achieved by selecting events for which the
neutrino interaction vertex is located inside the detector. A BDT based tool, the MAMBA
rejection, was developed to reject through-going muons and select HEST events. Using
the MAMBA rejection a study was conducted to estimate the sensitivity and the discovery
potential analysis of ARCA to a high energy astrophysical neutrino flux using high purity
samples of HEST events. The analysis showed that ARCA is expected to be sensitive to
the astrophysical neutrino flux under study in approximately 1.3 years of observation time.
It was also shown that ARCA is expected to make a 30 and a 5o discovery with 50%
probability in less than 3.5 and 9 years respectively, using solely HEST events.

The previous results were obtained by using as background a sample of atmospheric
muon events and an “unrelated” sample of atmospheric neutrinos. However, atmospheric
muons and neutrinos are produced in the same atmospheric showers, so atmospheric neu-
trinos reaching the detector from above may be accompanied by muons. In order to explore
the self-veto effect the CORSIKA program has been used in order to simulate a sample of
atmospheric shower events. The impact of several effects was studied including different: i)
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High Energy interaction models, ii) models describing the atmosphere above the detector,
iii) ways to handle the interaction and decays of charmed particles and iv) Cosmic Ray
models have been evaluated. Moreover, comparisons of the neutrino spectra derived by the
simulations at the sea level to theoretical models had been conducted in order to identify
the optimal simulation parameters. Once the optimal parameters have been identified, the
sample of events simulated by using these parameters was further processed (the particles
were propagated from the sea level to the detector and the detector response was simu-
lated). The analyses of the sensitivity and the discovery potential using HEST events were
repeated using that sample of events as a background sample of atmospheric neutrinos
reaching ARCA from above. All neutrino events interacting inside the detector accompa-
nied by muons were rejected from the HEST events sample by the MAMBA rejection. Thus
a reduction of the total atmospheric neutrino background of 34% was achieved. Moreover
the observation time needed for ARCA to be sensitive to the astrophysical neutrino flux
used was decreased to 1.1 years. Finally the observation time expected for ARCA to make
a 30 and a 50 discovery with 50% probability decreased to less than 2.5 and 6.5 years
respectively, which translates to a ~ 30% decrease in the observation time.

Since for neutrino events interacting inside any neutrino telescope most of the observed
and reconstructed events will be shower-like a BDT based tool was also developed to select
shower-like and reject track-like events. This tool provides high purity samples of shower-
like events having the neutrino interaction vertex inside the instrumented volume of ARCA.
Using this sample of events an analysis aiming to extract the discovery potential of ARCA
to the high energy astrophysical neutrino flux was conducted. Here the self-veto effect was
not taken into account due to the limited statistics of simulated atmospheric showers at
the time of the analysis. A 50 discovery with the ARCA telescope with 50% and 90%
probability in approximately 0.5 and less than 0.9 years respectively, was extracted.

Finally, a High Energy Starting Events analysis for ARCA was conducted by using both
previously mentioned tools. First, each event was categorized as shower-like or track-like
and then the HEST events were selected from the track sample. Thus two high purity
samples, one of contained showers and one of HEST events were combined into a HESE
sample. Using this sample of events and without considering the self-veto effect, ARCA
is expected to make a 50 discovery with 50% and 90% probability in less than 0.5 and
approximately 0.8 years respectively.

The work presented here would profit significantly from an increase of the simulated
samples of atmospheric shower events. Due to the limited statistics of the v, and 7, sample
of CORSIKA simulated events, the self-veto effect has not been taken into account in the
HESE analysis. A reduction of the total atmospheric neutrino background of 34% has
been achieved for the HEST events sample where the self veto effect was explored. For the
shower-like events sample it can only be said that an equivalent reduction of the atmospheric
neutrino background is expected. Hence, the self veto effect should be evaluated and the
reduction of the atmospheric neutrino background should be quantified using simulated
events. The HESE analysis presented in this work offers a self-consistent method of treating
all detected events as each event is classified in only one of the distinct categories of shower-
like or HEST or through-going events. So, it can be expanded into a global neutrino analysis
by incorporating the through-going track events.
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Appendix A

Number of Expected Signal and
Background HEST events

In the tables below the number of expected signal and background HEST events after
imposing the cuts found by the minimization of the MRP and the MDP methods are

presented.
Type of event H Signal ‘ Background
v, CC 3.60 9.45
v, NC 0.01 0.01
v, CC 3.05 4.89
7, NC 0.02 0.01
all v, 6.68 14.36
v, CC 0.11 0.02
ve NC 0.01 0.00
7. CC 0.28 0.02
7. NC 0.01 0.00
all v, 0.41 0.04
v, CC = u 0.26 -
v, CC— shower 0.09 -
v NC 0.01 -
7 CC — 0.25 -
v,y CC— shower 0.09 -
7= NC 0.01 :
all v, 0.71 -
Patm Epundie > 10 TeV - 0.00
Hatm Ebundie > 50 TeV - 0.08
| total [ 780 | 1448 |

Table A.1: Number of expected signal and background events, for the cuts found by the
minimization of the MRF for 90% CL, for a livetime of 1.3 years.
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APPENDIX A. NUMBER OF EXPECTED SIGNAL AND BACKGROUND HEST
154 EVENTS

30 discovery H 50 discovery ‘

’ Type of event H Signal Background H Signal ‘ Background ‘
v, CC 6.07 9.87 16.14 26.08
v, NC 0.02 0.02 0.07 0.06
v, CC 5.47 5.55 14.62 14.93
v, NC 0.03 0.01 0.07 0.03
all v, 11.59 15.45 30.90 41.10
v, CC 0.19 0.03 0.50 0.08
ve NC 0.02 0.00 0.05 0.01
7. CC 0.60 0.05 1.62 0.13
7z NC 0.02 0.00 0.05 0.01
all v, 0.83 0.08 2.22 0.23
v, CC = p 0.43 - 1.14 -
v, CC— shower 0.16 - 0.42 -
v, NC 0.02 - 0.06 -
7. CC = 4 0.40 - 1.08 -
vy CC— shower 0.17 - 0.44 -
7 NC 0.02 - 0.06 -
all v, 1.20 - 3.20 -
Lhatm Bpundle > 10 TeV - 0.00 - 0.00
Latm Bpundle = 50 TeV - 0.64 - 0.00
| total [ 13.62 1617 || 3632 | 4133 |

Table A.2: Number of expected signal and background events, for the cuts found by the
manimization of the MDP for a discovery with 30 and 50 significance with 50% probability,
for a livetime of 3.2 and 8.7 years respectively.
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Type of event H Signal ‘ Background
v, CC 3.75 9.25
including 1.11 from CORSIKA sample
v, NC 0.01 0.01
v, CC 2.96 3.66
including 0.44 from CORSIKA sample
v, NC 0.01 0.01
all v, 6.73 12.93
v, CC 0.11 0.02
ve NC 0.01 0.00
v, CC 0.25 0.02
Ve NC 0.01 0.00
all v 0.38 0.04
v, CC — u 0.26 -
v, CC— shower 0.08 -
v NC 0.01 -
7 CC — 0.27 -
v CC— shower 0.08 -
vy NC 0.01 -
all v, 0.71
Patm Ebundie > 10 TeV - 0.00
Patm Ebundie > 50 TeV - 0.22
| total [ 782 | 13.19 |

Table A.3: Number of expected signal and background events, for the cuts found by the
mianimization of the MRF for 90% CL with the self-vetoes approach, for a livetime of 1.1
years.



APPENDIX A. NUMBER OF EXPECTED SIGNAL AND BACKGROUND HEST

156 EVENTS
Type of event H Signal \ Background
v, CC 11.55 11.39
including 2.58 from CORSIKA sample
v, NC 0.05 0.04
v, CC 10.49 8.04
including 2.18 from CORSIKA sample
v, NC 0.05 0.02
all v, 22.14 19.49
v, CC 0.36 0.06
ve NC 0.04 0.01
7, CC 1.16 0.09
7z NC 0.04 0.00
all v, 1.60 0.16
v, CC = u 0.81 -
v, CC— shower 0.30 -
vr NC 0.05 -
v CC = 0.77 -
v, CC— shower 0.32 -
vr NC 0.04 -
all v, 2.29 -
Patm Epundie > 10 TeV - 0.00
Hatm Epundie > 50 TeV - 0.00
| total | 26.03 | 19.65 |

Table A.4: Number of expected signal and background events, for the cuts found by the
mianimization of the MDP for a discovery with 5o significance with 50 % probability exploiting
the self-vetoes, for a livetime of 6.3 years. Since the minimization of the MDP for both 3o
and bo resulted to the same cuts, the number of expected signal and background events for
a 30 discovery with 50% probability (for a livetime of 2.3 years) can be easily calculated just
by scaling each number with 2.3/6.3.



Appendix B

Number of Expected Signal and
Background shower-like events

In the table below the number of expected signal and background shower-like events after
imposing the cuts found by the minimization of the MDP methods are presented.

’ H 90% prob. ( 0.9 years) ‘

’ Type of event H Signal \ Background ‘
v, CC 0.75 5.22
v, NC 1.49 8.14
v, CC 0.59 2.25
v, NC 1.12 3.12
all v, 3.95 18.73
v, CC 12.24 5.94
ve NC 1.49 0.54
7. CC 10.63 4.26
7, NC 1.13 0.33
all v, 25.49 11.07
v, CC = u 0.25 -
v, CC— shower 6.89 -
v NC 1.50 -
vy CC = p 0.15 -
v,y CC— shower 5.43 -
v NC 1.16 -
all v, 15.38 -
Hatm Ebundle > 10 TeV - 0
Patm Epundie > 50 TeV - 1.92
| total | 4482 | 3172 |

Table B.1: Number of expected signal and background events, for all types of events, af-
ter applying the cuts found by the minimization of the MDP for 50 with 90% probability
(livetime of 0.9 years). Since the minimization of the MDP for 5o with both 90% and 50 %
probability resulted to the same cuts, the expected number of events for the latter (livetime
of 0.5 years) can be easily calculated just by scaling each number with 5 /9.

157



Appendix C

Number of Expected Signal and
Background HESE events

In the tables below, the number of expected signal and background HESE events after
imposing the cuts found by the minimization of the MDP for a 50 discovery with both 50%
and 90% probability are presented.

’ H shower sample H track sample ‘
’ Type of event H Signal Background H Signal ‘ Background ‘
v, CC 0.42 2.90 0.47 0.37
v, NC 0.83 4.52 0.00 0.00
v, CC 0.33 1.26 0.45 0.23
v, NC 0.62 1.73 0.00 0.00
all v, 2.20 10.41 0.92 0.60
v, CC 6.80 3.30 0.01 0.00
ve NC 0.83 0.30 0.00 0.00
7. CC 5.9 2.36 0.05 0.00
Ve NC 0.63 0.18 0.00 0.00
all v, 14.16 6.14 0.06 0.00
v CC = u 0.14 - 0.04 -
v; CC— shower 3.83 - 0.01 -
vy NC 0.83 - 0.00 -
7 CC — 0.08 - 0.03 -
vy CC— shower 3.02 - 0.01 -
vy NC 0.64 - 0.00 -
all v, 8.54 - 0.09 -
Matm Ebundle > 10 TeV - 0 - 0
tatm Ebundle > 50 TeV - 1.07 - 0.10
| total [ 2490 | 1762 [ 107 | 070 |

Table C.1: Number of expected signal and background events for a livetime of 0.5 years, for
all types of events, categorized as either shower-like or HEST. The cuts used were found by
the minimum MDP for a 50 discovery with 50% probability.
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’ H shower sample H track sample ‘
’ Type of event H Signal Background H Signal ‘ Background ‘
v, CC 0.67 4.64 1.22 1.58
v, NC 1.32 7.24 0.00 0.00
v, CC 0.53 2.00 1.10 1.04
v, NC 0.99 2.78 0.00 0.00
all v, 3.51 16.66 2.32 2.62
v, CC 10.88 5.28 0.02 0.00
ve NC 1.32 0.48 0.00 0.00
7. CC 9.45 3.78 0.08 0.00
7z NC 1,01 0.29 0.00 0.00
all v, 22.66 9.83 0.10 0.00
v, CC = u 0.22 - 0.09 -
v; CC— shower 6.12 - 0.03 -
v, NC 1.33 - 0.00 -
vr CC — p 0.14 - 0.08 -
vy CC— shower 4.83 - 0.03 -
v NC 1.03 - 0.00 -
all v, 13.67 - 0.23 -
Hatm Epundie > 10 TeV - 0 - 0
tatm Epundie > 50 TeV - 1.71 - 0.05
| total [ 3984 | 2820 [ 265 | 267 |

Table C.2: Number of expected signal and background events for a livetime of 0.8 years, for
all types of events, categorized as either shower-like or HEST. The cuts used were found by
the minimum MDP for a 50 discovery with a 90% probability.
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