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Euyaplotieg

H epyaoio mpaypatonowinxe to axadnpouxd €tog 2016-2017 oto Ivetitodto
Mupnvixic Puowrc tou EK.E.®.E Anuoxeitoc ota miaicta exnéovnong e
peTamTuytaxhc epyaotac yia To petantuytaxd " Puoinr) xou Teyvoroyés Eqo-
epoyéc” tne oyoric Egapgpoopéveoy Madnpotixoy xoa Puoixey Emotnpoy
(.EMM.®.E) tou Edvixo Metoofiou ITohuteyveiov. Ot emPrénoviec tng
epyootag pou etvon o xodnyntic e L.E.M.®.E Towmohitng ledpyloc xou 1)
Ap. TCapaplouddnn Awatepivn epeuvitoia oto E.K.E.®.E Anpdxpitoc, otoug
omofoug ogelhw TIg euyaEtoTieg 1oL Yo TNV cuvEYT Bordeia xaL cupToEdoTAoT
% dOAT) T BLAEXELDL AUTHC TNS ATOUTNTIXAC YPOVLAE XIS %o 1ol TNV UTOHOVETL-
x| xodo0AY NGO TOUG OYL LOVO YioL TNV DITAOPATIXY EpYAolar OANS oL Yol T
Brpoto pou w¢ véa emotApovac. Aoviedovtag poall Toug EAaBo TOAES YVHOOELS
xan epmelplor Tou Vo pe oxohoLVoUY GT1 GUVEYELX TNG XUPLERAS [10U.

Yy exndvnor auThC TG EpYAoiag, 0Pelle TOAAG GTOUG GUVERYATES
e Ap. Tlapoplouddxnn oto E.K.E.®.E Anpéxeitog, tov Ap. Mdpxou Xerioto
yioe Ty utoo THELEY), Sdaoxaiior xou Bordeta Tou, Tov %. Iixolvn Kwvotavtivo
yioo TNV TepdoTior utopovy xou Bordelo Tou xS xon TNV LTOAOLTY OPAdA TOU
epydleton yio to melpapo KM3NeT. Enpavtind pého péca o auty| T yeovid
elyov xan tar toudid (‘Avva, Tidpyoc, Kovotavtiva, avh, hdpa, Xopd x.A.x.)
ne to onola SwoBdlapie, avtoAAdoapie WEES ahAS o TEEVOLCUIE OIOPYPES CTLYPES
ota ypapela pag ot ool xou Toug oToloug EUYAELOTE TOAD Yo T OTHEIEY,
TV oy dmn xou T @uilor Toug.

Telewyvovtag, Yo fOeha Voo EUYOEIOTACEL TNV OLXOYEVELDL OV YIdL TNV
OTAEIEN %o TN XATOVONOT| TOUG GE OAY) TN SLIEXELN TWV GTIOUBKY 10U Xol TOUG
pihouc pov (Epopdyda, Kwvotavtiva, ©odwer, Nixo, Mekropévn, Xeroto,
Mogieg, Agppoditn x.h.1.) mou otdinxay dimha 1ou oo dxoha xou Tor SUGXONA
TOV TEAELTAUWY ETOV.



Abstract

The subject of this master thesis is the study of alternative detector config-
urations of the KM3NeT-ARCA detector focusing on detecting high energy
neutrinos. It was carried out within the master studies (Msc) ”Physics and
technological applications” of the School of Applied Mathematical and Phys-
ical Sciences of the National Technical University of Athens, at the Institute
of Nuclear and Particle Physics Research of Demokritos Research Center in
Athens.

Firstly, the basics of high energy astroparticle physics are presented
with a short reference to the efforts of humanity to explore the universe.
Neutrino and its unique properties that make it ideal ”explorer of the uni-
verse” are discussed, by mentioning its detection techniques and challenges
which must be taken into account during the construction of neutrino tele-
scopes. Additionally, neutrino telescopes are presented.

Moreover, the KM3NeT experiment is presented whose goal is the
discovery and observation of high energy (GeV to PeV) neutrino sources of
cosmic origin (ARCA) and the determination of the neutrino mass hierar-
chy (neutrinos of tens of GeV) (ORCA). A brief description of the official
software tools used from the KM3NeT collaboration is made.

The analysis consists of the study of the performance and the study
of the sensitivity and discovery potential with each of the alternative detector
configurations studied in comparison with the standard detector configura-
tion of the KM3NeT-ARCA detector. Finally, the analysis was repeated
with the newest (at the time of the thesis) version of the reconstruction
package of the KM3NeT collaboration and the results were compared with
those from the old version.



ITepiAndm

To avtixelpevo tng mapoloag epyactag elvar 1) peAétn g duvatdTnTag aviyve-
UONG VETRIVLY TOAD UPNAGDY EVERYELWY [IE EVOANIXTIXEC YEWIETPIES TOU OIVLY VE-
vty KM3NeT-ARCA xou mpaypatonoijinxe ota mAdiol TOU HETATTUYLOXOY
Tpoypdpupatog ” Pucin| xou TEYVOLOYIXES EappoYES” Tng Lyoirc Egappooyé-
voov Madnpoatixdyv xa Puowxadv Enietnpov tou Edvixold Metodfiou ITolute-
yvetou, oto Ivatitovtou [upnvinric Pucinfc xou Ntotyeiwdny Lwpatidiwy Eee-
uvoc Anpoxeitog Kévtpo Egeuvdyv otnv Adrva.

Apyixd, Ta Bacind TNE Ao TEOCHPATIOXAS QUOIXAS VYNADY EVERYELDY
TapouctdlovTon PE 1ol GOVTOT OVaPOEd OTIC TEOCTIAEES TNG avipmTOTNTOC
yioe var e€epeuviioel To oupnay. To vetpivo xou oL 1ovadixég WBIOTNTEC oL To
(NG TOVY WBAVIXG <EEEPEVVITH TOL GUPTAVTOCS GULNTOLVTAL, AVAPELOVTAS TIC
TEYVIXES OVEYVEUOTC TOU XOU TIC TROXAHOELS TTOU TEETEL Vo hopBdvovton umogn
XATA TNV XATACKELT] TV TNAEOKOTIWY VeTplvwy. Emimiéov, napouvcidlovton ta
TNAEOXOTILOL VETRIVWV TIOU €Y0UV 181 XATUCKEVACTEL.

Emuniéov, mapovotdletan to melpopo KM3NeT, tou onolou otdyoc
ebvor 1 avoxdhudn xan mopatienon Twv vetpiveoy udniic evépyeag (GeV to
PeV) xoopiic npoéhevone (ARCA) xat o mpoodloplonde e tepopyiac pdloc
vetpivoy (Sexddwv GeV) (ORCA). IHopouotdleton o odvtopn neptypapn
TV enlonpwy gpyolelnv Aoylopxod Tou yenotponololvTal and To melpojia
KM3NeT.

H avdhuon tne epyaciog amoteheiton and tn PEAETN TG amdd00TG
xan T HEAETN TN evanoUnoiog xou Tng mavotnTag avoxdAudng pe xdie pla
and TIC EVUANUIXTIXES YEWNETPIEC TOU avly VELUTH Tou PEAETH UMY O GUYXELOT
pe v vy yeopetpla tou aviyveuty KM3NeT-ARCA. Téhoc, n avdhuon
enaVONPUNXE PE TN VEOTEPT EXBOOT) TOU AOYIGHLXOU OVAXUTAOXEVAC (XaTd T
OLdpxeta TNg BLanLﬁﬁq) tou mewpdpotoc KM3NeT xou to anoteAéopota tng
ouyxeldnxay JIE To ATOTEAECHATA JIE T TAAUOTERT EXDOCT, TOL AOYLOLXO0V.
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Kegdiaio 1

Koopixeg axtiveg xou

PNy avicpol Toeay wYNS
VETRIVWYV

1.1 Koouwxeg axtiveg

Mo mpdytn mpoondideia yia thn nopatripnon Twv otoiyeiny Tou ovpavol TEpLY
e xhacorc pedodou pe T OTTIXG TNAEOHOTLA Xou 1) oTtoldl GUVTEAECE GTNY
aVATTUET TOU XAADOU TN AoTEOYUOWNS, €Yve To 1912 pie v avaxdiudn
TV x0opxo)Y axtivey and tov Victor Hess. Ou xoopixéc axtivee (CRs) eivan
vnAAc evépyetag Tpwtdvia 1 Popelc TUEYVES TOU ELGEPYOVTAL GTNV ATHOGHPOULE
¢ ' pe wotpomxr por). To @dopa twv xoopxey oxtiveoy (oyfpa 1.1)
TEPLYPAPETOL IXAVOTIOLNTIXG Amd TOV eXVETIXG VO[O NOPPAC :

E X Ei’y (11)

OTOU 0 QPACPATIXOC DEXTNG Y tooUTAL JIE :

v 2.7 E < Eppee = 4.5 x 10V
Y~ 3.0 Eppee < E < Esecondinee = 4.5 x 1017eV
v 2.7 Esecondknee < E < Egpkle = 10Y%eV

To evepyeioand Toug @dopa tepthapPdvel tepinou 10 td€eic peyédoug
xan @Tdvel €wg xon to 300 EeV. TN evépyeieg puixpodtepeg and 10 TeV, n
POT} TWV XOCIUXGY oXTIVOV elval apXeTd €vTovn WoTe nropel vo petpdton and
HXEOUE VLY VEUTES EYXATACTNHEVOUS GE BopLUPOEoLS ot agpootata. H puxey
PO TWV XOCHIXMVY oaXTVGOVY Yior peyalitepee evépyetee (> 10 TeV) petpdron



Ao VLY VEUTEC TTOU XUAUTTOUV TOAAG TETEUYWVIXE YLMOPETEA GTNY ETLPAVELXL
e I'mc. H pétpnomn g evépyelog tov uPnhoevepyelon®dy cwpatidioy e
x0ooxNg axTvoBoMag YiveTon EPPECKE [IE TURATARNON TV XATUOVICHOY TOU
TEOXOAOLVTOL O TNV OAANAETOEAUOT) TOUC PE ATOHIXOVUE TUPYVES GTOL OVOTEQRA.
oTpwHATH TN atpéopoupos. LTLC LPnAoTepes evépyeteg (> 1 EeV) n mold
HixeY) pot amouTel TNV YENOT AVLYVEUTWY TOU XOAUTTOUY EXTAOELC PHEYAADTERES
ard 100 km? [1].

Y10 yohollaxd poyvnTixd medlo To TEMTOVIAL JIE EVEQYELEC TOU QTH-
vouv ta EeV éyouv axtivae Larmor pixpdtepn tou peyédoug tou Iahadlo xon
PEVOLY BECHLNL OE QUTOV. LoV ATOTEAEC]IA, OE EVEQYELEG €MC XOU TNV EVEQYELN
"yévatog” oi xoopéc axtiveg €youv evdoyahalloxr) meoéheuon. Me [Bdom
[ oeLpd Yewpnuixwy poviéAny to ”yoévoato” opllel tnv meptoy) oTtnyv onola
N oOviean TwV XOCHIIXOY oxXTVOY oANdlel oTtadloxd amd ehagpelc ot Popeic
muprvec. Autol ot Bapeic muprveg €youv peyalbTepa QopTiar Xou XoTd GUVETEL
yeetdleton var emitoyuvioly o LYNAGTERES EVEPYELES YLOL VO ATOXTACOLY TNV
B axtivar pe auty| TV TpwTtoviny. Ta evépyeleg peyolltepeg twv EeV o
e€woryohadloxndg TUpdYoVTaS CTUdIXE XUPLHEYEL OONYWVTAS OE To AmdTOHO
pdopa xoopxwy axtivwy. T'a evépyeieg peyohitepeg Twv 100 EeV to gdopa
TOV XOOIXOV axTivwy @aiveTon vo pny cupBadiCel pe tig undpyovoeg Yewpleg,
oAAG 1) oTaTio T elvon TOAD TEQLOPLOREVY Yol TNV €E0Y WYY CURTEQUCPATWY .

FLUXES OF COSMIC RAYS

yﬁ

A <«— [~ | parficle per m? per second)
K

[~ 1 particle per m? per year) Ny

Flux (m2 sr s GeV)!
)

Ankle ————
[~ 1 particle per km? per year}
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Yyfua 1.1: To napatnpoluevo evepyelaxd QAoua XOoUX®Y oxTtivey [2]



oG merpdparto €youy Sieloydel yia TNV PHEAETN TWV XOCILUXWOY OX-
tivov. To mewpdpata autd dielhydnoay elte 11E TN ¥ENOT AVLYVELTWOY OE AEROO-
TATOL XU BOPUPOEOUC ELTE E TN ToEATENOT omd ENLYELOUG OVLYVELTES. 2T
TeWTN TEpinTwor, Tmpaypotonolovvton  ameulelog HETPAOEL  COPATIOIY
OOV axTivewy, ol omolec meplopilovtan e€outiog g onpovtxAc pelwong
TN POME TV CLPATIOIWY JIE EVERYEIEC PEYAUAUTEPEC amd pepxd PeV xadde
XU TNG [UXENC EMLPAVELNS TV AEEOoTATWY Xou dopupdpwvy (Voyager 1 / 2,
BESS, TIGER) [3]. Xtn deltepn mepintwon, aviyveutée tomodetodvtor o€
o peYdAn empdvelar g I'ng pe otoyxo T PEAETN TV XATUOVICHGOV TOU
ONPLOLEYOVVTOL OTNV ATHOCPAULEN, OTAV CORATIOLL XOCUXOY OXTIVOY 7 ouY-
%poLCTOUV” JIE TOUC TUPNVES o LTdEYoLY o€ auTAV. O xotonoviopol nhex-
TEOROYVNTXO) %ot adpovixol yapaxThea PECW TNG aviyVeuong xou PEAETNG
TOV oopatdinv Tou mepEyouy, aviiotadpilovy Ty aduvopio tng ancudeiog
PETENONG TWV XOCHIXWY axXTVWY amd To €0apog.

H mopathipnomn tov copatdinv Twv xoopixoy oxtiveoy 0ev TapéyEl
TAneogopla yior TN diebuvon TS TEOYIAS TOUS X0t TOV TROGOLOPIGILO TWY TNY KOV
amo T OTOLEC TPOEPYOVTOL, XAVWS Ol TPOYLES TWYV TEWTOVIWY, TWV TURTIVKV XAl
GAWV QOPTIOPEVLY CWIATIOlWY ennpedlovtal amd Tor Slory Ao d POy VTS
medlo pe amotéheopa o PEToBAAREToL 1) apyer) Toug xatebduvon. EmnAiéov, 7
eon TV cuPATdiY TOAD LYNADY EVERYELDY, TOU EVOLY OVETNEENCTA Ao T
poryvnTixd medion elvon pxer) xon Tol cwpoatidiar auTd Teoépyovton and eEmYohaE-
ég mnyéc. Emopévog, yio Ty avalAtnon Tov “EmTayuvTixgy Tnyey” Twv
COPATOIY XOGTIUXOY oXTIVOVY Elvor amapalTnTn 1 YerRon dAAGY cwpaTdlny T
omola Yo PETAPEPOLY TEPLOCOTERY TANEOYORIA YL TNV TEOEAEUCT| TOUG.

Eyfuo 1.2: Yopotidia-popeic TAnpogoplac Yot THY A0TEOCWUATIOWNXY) QUCLXT
[4]



1.2 Netplva acTpoguUOoLXYC TEOEAELONG

To vetpivo ebvar niextend oudétepo Aemtoviar Tor omolot aAANAETBEO0Y [ECW
e aovevoig xou Tng Poaputinhc ahknienidpaong. Auth elvon par LBLOTNTA TOL
To XAveL e mwpLoToUs Qopelc  xooxc Thnpogoptac”, ot avtideon pe to pop-
TIOPEVOL COPATOW, %xaddg Sladidovton 0To LUPTAY Ywelg Vo andpeo@nvIoL 1
VoL EXTEETOVTOL MO TNV SLoc TEWXT UAN 1 oo Tor prary vipTtixd medlor moed 10Vo oo
T0 ao¥evég Boputind medio tou Noahadlaxol xou Sworyahadlaxol yweou. Etol ta
veTplva popoly va pog 8woouv Thnpogopia yia To onpelo tapaywyrc Toug. H
ac¥evic alknhenidpaon Toug pe TNV VAN wWoTdco xahotd e€alpeTind BUOXOAN,
TNV oVl VEUOT) TOUC.

‘Eyet nopotnendel €50 xou [iod oudvo 0Tl TEWTOVLY and XOGHLXOUC
EMUTAYUVTES TOPAYOUV VETElVa, PEcw PopTIopévey Becoviwy (xuping movioy)
T omola cLuYxpoLovTAL PE TNV TEPUBdANoUCH VAT %ot TA NAEXTEOHOY VITIXA
medlo. To pecdvia €yovtog pxer| didpxeta {emhg BIUCTOVTOL GE PLOVLAL X0k NAEX-
TEOVIAL [IE AVTIOPAOELS OTIWC

P+ X —-r+7

St v, (0,) (2.1)
Sy v, [E} +EI:V#.:I

P+ X =K +7
N, ,) (22
Ny, [E}+E[Vﬁ.:l
D+y =T +n
Ty, (2.3)

ety +f

SyAua 1.3: Adnhenidpaon mpwtoviny pe tepiBddlovoa VAN (Tuprives xon @w-

o)

Ye o TEWTY TROCEYYLON, TO EVERYELUXO PACHO TV UG TEOPUCIXGDY
vetplvewy axolouiel exeivo tng xoopxig axTvoBoMag oI TEQLOYES EMITAYUV-
oNe TOUG, €V BLopUMaELC BeTEENC TAENS OE QUTH TNV TEOCEYYLOY ITOREL Vo
meoxOYoLY and TV EMTAYUVOYN Xl TIC ANWAELES eVEpyelag Tou poviou. To
YUPNAOTEQO PEROG TOL PACHATOC TWV VETPIVWY amoTteheiton and vetpiva Tou uT-
oBédpou xoopxmy vetpivewv (Cosmic v-neutrino Background). To CvB eivau
HLo LooTEOTIXY POT) VETEIVWY O TPogpyeTal and VETEiva Tou dnjtovpyRinxay
oto npdipo cvpmav. H deppoxpasio tou gpdopotog tou padpou adpatoc (black
body spectrum) éyel néoer oe 1.9K Aoyw e doToAc Tou LOPnavtog
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XL 1 POT| xopupKVETIL ot evépyelec Tig Talelg Twv MeV. Xe olyxplon pe
T0 unoBadpo xoop@y pixpoxupdtey (Cosmic Microwave Background), n
oxtvoPoria CvB €yer yopnidtepn Veppoxpacia di6Tt 1 e€obAwaon e~ e+ mou
oLVEPEL oTa emopEVa oTAOW eEEAENE Tou LOPTAVTOG ElYE CAV AMOTEAECHA
v aténon tou CMB. Ilog” dha autd 1 Unapdn tou CvB mpofrénetou Yew-
enuxd ywelc vo éyer petpniel. e udmidtepec evépyelee (mepinov otny me-
oy evépyeac Twv MeV) napouscidlovtar vetpiva mou mapdyoviar and Siep-
yooteg obvtning otov Hho xou vetpiva and dAAEC Ao TROPUOLXES TINYES OIS
ouTd amd TNy Supernova 1987A. Netplva amd autég Tig TNYES €YOUV VLY VEL-
Vel, omwe xou vetpiva and to eowtepxd e I'ng. To mepopativo peteniéy
ATROCPALEXO PACHA VETEIVOY, TOU VAPERETAUL OE VETPIVAL TOL TapdyovTaL
o6 CAANAETUOPACELC XOCIXOY axTivVeY 6Ny atpidcgpopa e I'ng, epgavileton
enione otic evépyeeg £ > 0.1GeV. Xe uhnhotepeg evépyeteg anewovilovtal ot
Yewpentnés npofAédelc VeTpivwy and aoTEoPUOIXES TNYES, OTWE AUTES TWYV EV-
epYOVY Yahaltoxwy tuphvwy (Active Galactic Nuclei) xou xoopoyovixd vetpivo
TOL TOEAYOVTOL Atd OAANAETLOEAOELC TPWTOVIWY eEoupeTnd LPNAAC evEpyeLag
pe to CMB. Ta tnheoxdmio VETpivwy PHE 6YX0UC TOAGDY XUBLXWY YIAOPETOMY
0TOXEVOLY GTNV AVEYVEUOT] QUTWY TV UPNAAS EVERYELIC VETRIVGY.

1.3 ITIvdavég mnyég MEOEAELOTS ACTEOPUOLXWYV
vetplvoy

ALdpopeg xaTNYOPIEC A0 TEOPUOIUWDY AVTIXELIEVWY TEoTdI XAy cav tdavol emi-
TayuvTég owpatdiny. H Onoupln nopatnenoioxey dedopévemy 6e 0 OXANEO TO
nAexTeopaYVNTIXO Qdopo Bev €yel amoxaALPeL av ol ) Veplixés dladxaocieg
oe autd To avTixelpeva efvon nhextpoviaxhc 1| adpovixric @long. H mdovn
TEATARNOT VETRIVWY OO QUTES TIG TYES AVOHEVETOL VAL TOREYEL TEPLOCOTERES
TAnpogopleg yior Tig Sladixaciee Tou AaBavouy YEd GTO ECWTERIXO TETOLY
Ao TEOPUOXGOY avTixelpévey.  Ou mboavée mnyég veTplvwy pmopoly vo Tagl-
vopnoly oe 800 xatnyopleg : Tic evOoYohagloxée xat e€wyYoNalaxés T YES.

1.3.1 EZoyaralioxég mnyég vetpivoy

H 8udyutn por| vetplvwy avopévetol amd Tr XOCHOAOYIXT XATOVORT| TwV e€w-
YoAaglox®y TNy®y mou eivon uedtuveES TOCGO Yl TO QACHA TWV XOCHUXWDY
oxtivev Téve and Tov "aotpdyoro” (ankle) 600 xou To @dopa Twv VETpiveV.
Ot mo mdovol uToPTPLOL YiaL TNV EXTOPTY VETRIVWY UPNAGDY EVERYELDY £lval :

11



e Ot evepyol yaradiaxol tuprveg (Active Galactic Nuclei).

Ot evepyol yarodiaxol Tuprveg ebvar cupmayelc TeplOyEC 0TO XEVIPO TOU
Foha&la mou €youv TOAD o LPMAY POTELVOTNTA ANd TNY XOVOVIXY| OE
évav Foho&lo, xdtL mou unodexviel 6Tl aUTH 1N TEPICOELL PWTEWVOTNTAG
dev mopdyetan and aotépla. O Furoliog mou mepiéyet Evay evepyd muphva
ovopaletan evepyog I'ohoiog. H oxtivoBolio mou mopdyeton amd évay ev-
€pY0 TUEY VAL TG TEVETAL OTL EIVOL AMOTEAEG]IA TG TEOCEOPNONG UANG ot
o unteppey€9n padpen TevTa 0To Xévtpo tou exdotote Iaraion. Ou ev-
gpyol yohagloxol TUEYVES VoL OL TILO PWTELVES TNYES NAEXTEOHOY VNTIXNG
axTvoBoAiag 0To GUpTaY XL K¢ €x TOUTOU PTOREOLY Vo yernotponotnioly
»¢ PECO avoxdALPNG Paxetvey avTixetpévwy. Ot toyupd-Tepol evepyol
Tuprveg €xouv ovolaoTel quasars.

o Ou exAdndeig axtivewv v (Gamma Ray Bursts).

O exddpderc axtivwy v ebvon olvtopeg exidpdeic ToA) vdmiig cuyvoTy-
Tag NAEXTEOpOYYNTXXNG oxTvoBoAlag - oxtivev ydppo. Ot xotarypopn-
Veloeg exhdpdeic 6ev Talplalay pe omowdnnoTe Yvwoth-nopatnendeioo
EXTIOPTY oxXTVWY v xou Tepontépw PHeEAéTeG €0elay OTL BEV ATay YHVNG
1 nhoxic mpoéhevone. To cupmépacpo Atav otl ol exAdudelg elyay
XOCUXT) TEOEAEUGT), PIE OLPOPETIXY YPOVIXY) OLAEXELX Xou EVTOOT) XAl OEV
HTopoVUCAY VoL GUCYETIOTOUY YWEOYEOVIXA IE TIC HOT| YVWOTEC UTERPXALY-
ogovele (supernovae). H xotavopt| toug €delyve tootpomxt, ywelc ot
altepn ouyxEVTpwon oTo entinedo Tou Tahalio pog (oyAna 1.4). Apydtepa,
Begdnxe ott ot exhdpeig oxohovddvton and o emniéov A oe peyaiv-
Tepa prixn xOpatog - xatd xOplo AOYo oTn mEpLoyh) TV oaxTivey X.
Metpwvtag v petatomorn tou epudpod amd Ty omTixy Adudn, Oi-
amo THUNXE OTL oL exAdpelc oaxTivwy yappo TpoépyovTon amd TOAD poxet-
voig yoholieg, doexatoppipla €t @wtéc poxpud amd tn I'.  IHopd
TNV TEEAOTLO AMOCTACT] TOUG, Ol EXAIPYELS axTiviy Y @aiveTon var €youv
AopmeoTTO GUYXEIOUIN JIE EXEIVN EVOC PwTEVOD 0o Tépa TOU Yohaliol [1og.
M tumxy) aneheutépwaon evépyetag eivon T TaEnNg Tov 10** Joules, n
omoio woduvapet pe 1/2000 tne nioncric pélac.

[Topd Tic Tedeutaie PEAETES YOl TIC EXAGIPELS oXTIVODV Yo oxOlLaL OEY

UTIEEYEL XATOLO IXAVOTIOLNTIXG HOVTEAD Yiol TNV EXTOPTN Toug. Acdopévng

NG TEPAOC TLAG AMOC TAONE PETAED TWV YEVVNTOPMY TOUC XU TWV TNAECHOT-
WV NUC, AVAPEVETAL OTL 1) TEPUUTEQRN TORATHENOY TOUG GTO NAEXTEONAY VI|TL-
%6 @dopo elvan oyedov anidavo va jlag Topéyel véeg TAnpogopiec. Autod

%S X TO YEYOVOC OTL Tol TEPLooOTEPA HOVTEAA EXAIRPEwY oxTivey

Yéppo TEOBAETOUY TAUTOYEOVY EXTOUTY VETEIV®DVY, UTOOEXYUOUY OTL 1)

aviyveuon vetpivwyv cuoyeTil(OPeVn e TNV EXTOPTY eXAdpdeny oxTivey

Yéppo ITopel Vo TOREYEL VEEC TANPOYOPIEC OYETIXG HE TOV UMY AVLCHO

dnovpyiog Touc [16].
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Yyfuo 1.4: Tormodeoieg otov oupavd ohwv twv GRBs nou xatéypale 1 ano-
otohy BATSE

e O Starburst 'aAaZiec (Starburst Galaxies)

Ot T'adagieg autod Tou TOToL Eyouv eapeTid LYNAG PLING CyMIATICHOY
ACTEQLOY OE GYECT| HIE TO PEGO PLINO TV dAAwY Toahaldv xar uhnAnc
TuxvoTNTOG LTeExavogavels. Koatd tn peydin dudpxeia oynpaticpod ao-
Tepuwy og autolg Toug ahadieg, extoleleton amd TO €0WTEPIXO TOUC
YoAaZLoxOG GVEROS OO TN CUVOAIXY| ETORUOT TWY UTEEHOUVOPOVMY HOl
oV uteppeyEdwy aotépnv. IlpofAénetoan Tautdypovn exmopny| vetpivey
néow adpovixov pnyoviopoyv. H por twv axtivwv ydppo oe evépyeleg
TOM®Y exaToVTAdwY GeV umodeviel TNV BNILOVEY IO XOTIIXWY X TIVEY
HE TUXVOTNTES B0 oxda o TELWY Taewv peyédouc peyohltepeg amod
TIC TUXVOTNTEC TWV XOOHIX®Y axTivev and tov dixd poc oha&io xdtu
ToU Ti¢ xoho T8 TAVES TNYES AOTROPUOIXMY VETEIVLV.

e Ta vetpiva xoopoyovixfc npoélevorc (Cosmogenic Neu-
trinos).

O mohb uPNAAC evépyelag XOOIIXES aXTIVEC GE GUVBUAGHO JIE TO BLdyuTO
pwToVXd LTOPBadpo oto Lopmav anoteholy mavEe TNYEC TEOEAEUOTNC
TV AeYOHEVWY XOOHOYOVIXGY (cosmogenic) vetpivewv. H mopaywyn tov
GZK vetplvwy, 6Twe odllnwg Aéyovton Aoyw Tou opiou Greisen—Zatsepin—
Kuzmin, avopévetar Aoy e abpovindy Sladixaclny and TNy aAANAETdpao

13



TOAU evepynTix®y menToviwy e To CMB unéfadeo oe evépyeieg trg
T6Enc obpa xon 1019V, H nopatipnon tétolwy evepyetdv amoteel ToA)
EVOLAPEQOVTA XAADO OTN GUYYPOVY XOGROAOYIa Xou VeEWwEnTIX| PuoLxy
xadwg Yo amoutovoe véeg Pewpleg yia Ty xBovTiny) Papdtnta xou TNy
xhipoxa Planck dnpovpydvtog napddupa oe 7 xouvolpla” @uol.

1.3.2 Evdoyalaliaxég nnyég vetpivey

Extoc and tig e€wyohadlaxés mnyEg VvETpIVwY, TOAG avTIXEIHEVO GTO ECWTERPIXO
Tou ool pag kol mapovoidlovy @dopato pn Yeppxcdv QoToviwy Tou
UTOBEYUOLY TNV ETLTAYLVOT cupaTdiwy. Edv adpdvia emtaybvovion eviog
TETOUWY AVTIXELREVODY PTAVOLY GE EVEQYELEC TIOU Tol oG TOUV TNYEC VETEIVRDV
vnArc evépyelog. TIdavée tétoleg mnyég 6T0 eomwtepnd Tou 'ohaio anoterody

e Ta LUTOAEIPATA LUTEEAALVOPAVHOY KO TA VEPEADPATA ATO
dvepo Pulsar (Supernovae Remnants and Pulsar Wind Neb-
ulae)

Ou uneprawvogaveic () odhine XounepvofBec) Pmopodv va oamoTEAEGOLY
To TEMXO 0100 eEENENS EVOC OGTERD OTO OTOLO OAOXANEOS O AOTERNG
expryvutot. YTmohelpoto utepxovopavey mioTedeTl OTL efvar utebYuval
Yoo T TepayeYR xoopxdy oxtivey e evépyeiee og xr 10%eV. Ou
Xx0OUXES axTiveg apYOTERA AANAETOPOOY e TNV VAT Xou 00nyolv 61N
TPy WYY VETRIVOVY ot axTivwy yappa PEcw SLUCTECEWY QPOPTICHEVKY
xaL apopTioTeY moviwy. Kdnoleg and Tic mo evepynTixég umEEXUVO-
Qavelc £YOUV OTO ECWTEPIXO TOUG Tal Aeyopeva pulsars, 6nAadT peyding
Tay O TNTAC TEPLO TROYNC Ao TEPES VETpoviwy. Ta pulsars pnopodv va tapd-
YOUV VEQEAWIOTA OTO ECWTERIXO TWVY UTEPXUVOPAVAY, To onola entiong
anoteloly utohrigLo Ty vetpivey.

e To binaries axtivewv X xou Microquasars

Ta binaries axtivwv X avagépovton oe yohalloxd binary cuothpata to
omola Belyvouv 110pPOROYIXES OROLOTNTES PIE TOUG EVERYOUS Yahaglonolg
nuprvec (AGNSs) nou avagpépdnray mopandvew. Emmiéov, motedetou ot
axohovdolv tov (Blo prnyaviopd pe toug AGNs, cupnepthopBavopévng
e abénong g UANG amd éva YELTOVIXO aoTEPL OF Jio poern TeLTa N
oe évav aotépa vetpovioy. Kotd tn oudpxeia autig tng dadixactog,
evépyela exméPnEToL UTO TN pop@n axtivov X eved uPnirc evépyetag
vetplva avopéveton vo mapoy Yoy pe pnyaviopols (Bloug HE auTolg TwY
AGNs. To microquasars eivan unoxatnyopio Twv binaries oxtivwyv X
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xou mapouotdlouv oyetiioxols ThHdaxes (jets) oty Lodvn Twv padio-
ouyvotAtwy. H ahinienidpoaon twv adpoviwy, xou Wbiaitepa Twv Tpw-
Toviey, He Ta YooV TUToL synchrotron mou ToEdyovTon and EMTAUYUVO-
HEVO NAEXTEOVLA, ITIOPOVY VoL O81YICOUY GTNY TopEaywY Y| VETEIVKY un-
Ac evépyetag Tne té€eng Ty TeV.

e O dioxog Tou 'ohagix

Aldyuteg XOOIUXES OXTIVEC NTOPOUY VoL AAANAETULORACOUY PE ToL BLoG TEIXO
péco oto eowtepnd Tou IN'ohadia. Autéc ol ahANAETOEACELC avapEVETOL
VoL TOEAY 0LV o TiVES Yol xon VETEiva IEGW OUBETERWY XL POPTICHEVKY
anodleYEpoEwY Toviwy. AdYw auTol, 1 avapevopevn pot| vetplvewy oyetile-
TolL PE TNV TUXVOTNTA TS UANG 0TO eowTepixd Tou lahagio.

1.4 Azpoocgpoupixd vetpliva xal ptovia

To atpocgonpxd vetplvor xan 1oVl ONpLouEYOUVTOL OO XATUOVICHOUS TOU
TpoxoAoOVTUL amd TG XOOIXES axTiveg oty atpdogapa e I'ng. o tnv
peloon Tou CHPATOS Amd TA ATHOCHPUUEXA VETEIVOL X HLOVLYL, Ol VLY VEUTEC
VETRIVWV 00 TROPUOIXTC TPoéAeuong evBelxvuTal Vo TotoveTovvTal UTOYoAdC-
ota, xordwe PETOED TWV CWHATIOIY TOU THEAYOVTOL GTOUC XATUOVIGHOUC LOVO
o UYNAAC evEpyelog VeTpiva xou [dvia ttopoly va dlamepdoouy Ty I'n. Em-
A0V, TO ATHOCHOUELXA JoOVLX amdppopmvTon and v ' ne anotéheopa va
PToEOLY VoL PTACOLY GTOV OVLYVEUTH 1OVO oo " Tdve” xou o)L Slapécou auThg,
ETUTEENOVTAS JIE AUTO TOV TEOTO VoL To LeEXwElCOLPE amd OV TPOEPYOHEVL
amo VeTplva oo Tpopuorc Tpoéieuone. EEoutlac tne agdoviag Toug, e€oxohou-
YoV va amoteholv To Bactxd mapdyovta LToBdEOL TOU GHINTOS GTOV AVLYVEUTH
Omwe palveton 6To oyfpa 1.5 :
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Yyfuo 1.5: Por| atpoopoupndv veTpivmy xai tioviwy cuvapthoet Tng (evidiaxic
yoviog [7]

Me oxond va pewwcoupe t0 LTOBadEo ATd TU ATROCPAUEIXE PLOVLY,
To utoYahdoota Tnheoxoma VETpivey Tovtilovton oe Bain 2 €we 5 ythlopétpmy
%x0OC 1) POT) TWV ATHOCPAUEIXGY OVIKY PEWOVETAUL ONPOYTIXG [IE TNV abénom
e pacoc vepol. Me avtiieon pe To ATHOCHOUELXA [LOVIA, TO ATHOCPOLELXA
VETplval PTAVOUY GTOV avlyVeLTH amd Oheg T xaTeVHOVOELC OAAS aviy vebovTal
Ayotepo ouyvd egautlag g aocdevols alknhenidpaong Toug pe v UAN. Ta
atjoc@atexd vetpiva anoteholy éva oyeddv apieiwto utoBadpo xadneg To Ee-
xwetloupe amd T Ao TEOPUOIXE VETEIVE XURlWE amtd TO EVERYELUXO TOUS PACHOL.
To atpoopoupixd vetplva €Y0ouv eval O ATILO EVERYELAXO QPACHO, EVE) TA ACTEO-
puowd vetpivo pTdvouy péypet uhnhdtepes evépyetes [5).

H pot| atpocgaipxayy vetpivev anoteheiton and 600 GUVIGTOCES, TNV
oupfatixn, 1 omolo xUpLaEYEl OTIC YUPNAEC EVEPYELEC TOU QPACHATOS XAk TNV
Tayelo, 1 onola cuvelopépel ot por) oe LPNAOTEReC evépyeteg. H oupfotixn
EOT) VETRIVWV apopdl TLC BLUCTIAOELS XUOVIWY XOL PORTICHEVWY TOVIWY XATd TNV
oaMnAenibpaorn Toug pe Ta popla Tou afpa. AuTy 1 pon) VETplivwv Blapépet and
NV avdeVTIXr Ao TEOYUOLXT POT) VETEIVWY XS TO EVERYELOXO QPACH EIVOL TILO
amdTopo (prévovtec epinou E—37) evdy 1 por evioyleton mpoc tov opllovra
[8]. H deltepn ouviotthoo Tne pofc TV ATHOCPAUEIXGY VETPIVKDY 0elleTon oE
dlaomdoelg Bapéwy, pixerc (wng adpoviwy Ta onola tepéyouv charm ¥ bottom
xoudpx. Autd to adpdvia BlaoTdVTOL TIELY TEOAdBouV Vo dAANAETISRACOLY,
dlvovtog TNV o amdTORY CUVIOTOOA TN PO TWV ATHOCPUUEXMOY VETEIVOV.
Auth n por| avapéveton vor oxohovdel TO GTEVE TO PACHO TWV XOCIXDY X~
Thvev, xodoe To evepyelad @dopa @téver tepitov B2 e iotpomnd Levi-
Y1axr) XATOVORT).
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Kegpdhaio 2

Trnieoxoma vetplvwy

H aviyveuvon vetplvwy e tn yenon vtodardooiny tnheoxonionv Baciletor otny
aviyVEUOT] PWTOC TOU EXTEPTETOL XATA TNV OLEAEUCT] CWHATIOWY Tou TEo-
€pyovTal omo vetpiva 6To vepd. H apyi| aviyveuone towv tnieoxomiowy VETpivev,
oL aAMnhemdpdoelc vetplvwy pe v I'n ¥ T0 Yodacowd vepo xon T yopo-
ATNELOTXE YEYOVOTA To OTOLA AVLY VELOVTOL GTA TNAECXOTIA VETEIVOVY TEpLY pd-
povTon 0TI axdroudeg evotntee. Emnidov, neptypdgetar to Bacind unoBadeo
yior Tor TAEOXOTLOL UTE Xon YEVETOL J1lot GUVTONRT| EMGKOTNGCT, OTA LPLGTAEVAL
mheoxdma VeTpivewy 6To vepd xau Tov Tdyo (7).

2.1 Aviyvevon vetpivoyv

To vetpivo etvar éva Aemtdvio, ToAD puxpehc pdlog xou NAEXTELXd 0UBETERO, TOU
OANAETOPA POVO PECw acVEVODVY xal PopuTIX®OY AAANAETLOPACEWY, YEYOVOS
Tou xaho T TNV dpecT aviyVeEusT| Tou BUOXOAY), EEAUTING TWV [IXPWOY EVERY XY
OLITOPNOY TWV avTWpdoewy Tou e tnv UAN. Eriong, n evepyodg datopy| tng
oAMNAeTOpaonE Tou e€apTdTaL amd TNV EVEPYELX TOU, YEYOVOC TOU TEETEL VoL
hopfBdveton uToYn oTOV GYEBLICHO TWV TNAEoXOTIKY VETRIVeY. Ol adAnAemidpd-
OELC TV VETPIVWY, aTa TAalota ToL XarhepwPEVOU TEOTUTIOU, TEAYIUTOTOLOUVTAL
novo npe avtorhayh Z xon W prnoloviwv Bodpidoc. Ot avelaoTixéc oAln-
Aemdpdoelc oudétepou (Neutral Current) xou goptiopévou (Charged Current)
EEVHOTOC TOU VETEIVOL JIE TO VOUXAEOVLA TOELO TAVOVTAL ATd TLS OVTLOPAOELS ¢

v+ N—=rv+X u+N—=I+X
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omou | avamaplotd Ty yevorn tou vetpivou, 1 = e, 1, T xou X elvon 1)
tehxn) adpovixr) xatdotaon. [pagpixd ol odknhemdpdoeic nopouctdloviol oTo
oyfpo 2.2.

Neutral current Charged current

Eyfuo 2.2: AAANAeTdedoELS VETRIVOU OUBETEPOU XAl POPTIOUEVOU PEVUATOG

H apyiny 18€a yior TV xotaoxeuy| TRAEOXOTIOV VETRIVWY avixeL 6TOUC
Markov xou Zheleznykh, ot omoiol to 1961, mpdteivav tnv yeron Padéwy
Mpvev e Ydhaooac we 1€co aviyveuone SeVTEPOYEVOY cwpatdiwy (ouy-
XEXPUIEVOL IIOVIWY) TOU BNILoLEYOUVTOY OTIC UAANAETOPAOELS (POPTICREVKY
copatiov Tov VPNAAc evépyetag vetpiveov pe v I'n. Autd ta deutepedovta
owpotidio TagtdeloLY PE OYETIMO TIXES Toy UTNTES PECH AT TO VERO X0 EXTEPTOLY
POTOVIAL OE YoROXTNEIC TIXY Ywvia oy npotilovtog Evay XMVo pwTtdg, TOV XWVO
Cherenkov (oyfpo 2.3). H yovia Cherenkov Yo divetar omd ) oyéon :

1
= — 2.1
0 = arccos Bn (2.1)

omou 3 1 toyLTNTA TOU CLPATIOlOV 6TO PECO ot N 0 JeElXTNG BLddAacng Tou
péoou (vepo).

Eyhua 2.3: Uynuatioudc tou x@vou Cherenkov and tnv 81ddoon @opTiouévmy
COUITIOWY OF HECO UE OYETIMOTIXES ToYUTNTES
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Adyo e moAd puxeric mdoavotntag odAAnAenidpaong, elvon amapaltnTn
1 XEHOT TOAD HEYEAOUL OVEY VEUTIXOU OYXOU YLOL TNV oviy VEUGT) UYNAOEVERYELUX WY
vetpivewyv. ot autd 10 AOY0 yenotoToloUVTaL TEQLOYES TOU TAAVHTY HE PUOLXES
Otrd€oiiec TOCOHTNTES VEPOL - WXEAVADY, AIVGV 1 tdyou. To vepd | o ndyoc
ToU TEPBEAAEL TLC avLy VEUTIXES BLotdEels Bpat we oToyog (Snhadr ulixd pe to
omolo CAANAETBPOUY Tal VETRIVA) o péco aviyveuone, Snhadi UAXS péco oto
onofo mopdyeton 1 axtivoBorlor Cherenkov amd ta goptiopéva mpoidvta tng
aMnhenidpaong tou vetplvou. Emmiéov, pe tny tomodétnom tou aviyveutr
oe peydro Badog, o umepxelpevog dyxog vepol 1| mdyou Aertoupyel xan wg
Yopduion 1 onola <@ultedpers T cuvTteTTixy TAcloPnpla TV cwpatiny T
oo axtvoPollag extog and ta LPning evépyetag vetpiva.  Trv axti-
voPolia Cherenkov oviyvelouv QoOTOTOAATAACLAGTES OL OTOLOL XATAVEOVTOL
GoTe va xohOmTouy éva peydho 6yxo, tonodetnuévol oe peydho Badog péoa
OTOV WXEAVO, OE AJIVES, 1) OTOV TAYO XU XUTAYEAPOLY TO YEOVO APLENC XoL
T0 TAdog TwV gwToviwy mou mpoonintouv oe autolc. H mAnpogoplor auty
YETNOULOTIOLELTOL GTNY AVAXATACHELY| TNG TROYLIC TV POPTIOREVLY COPATIWY 1
TOV XUTOUOVIOHIOV CWHATIWY TOL ONILoupYolvTaL antd TNy ahANAET{dpacy Tou
veTplvou 1€ TO N€GO. LTNY GUVEYELNL 1) AVOXUTACXEVACHEVT) TEOYLA 1) O XOUTAUO-
VIoPOC Pmopel VoL o 8:oouy TANeo@opieg yia TNy dlebuvorn xou TNy evépyela
Tou opYLxoL veTpivou.

2.1.1 Tomroloyia YEYOVOT®V

H tonoloyla TV yeyovotwy oto Tnheoxdmia veTpivey dlagépet xan e€opTdtan
ond tov tomo e alnheniSpoong xou Ty Aemtovixy "yevon” (ep,T). Lnv
TEONYOLNEVY Toedypapo, oto oyfpa 2.2 ancixovilovtar ol aAANAETLOPAOELS
OLBETEPOU %O (POPTIOPEVOU EEVPINTOS YO TO TUEAOELYHO TOV NAEXTEOVIKV.
YNy mepinTtwor TwY AAANAETORACEWY 0LUBETEPOL PEVIATOS, VETEIVO AAANAETL-
BpOUV 1€ VOl VOUXAEOVLO Tapdy OVTAC ABROVIXO XATUOVICHO EVE TO oXEOULOEVO
vetpivo €yel uxpotepn evépyei. H 7unoypagr” twv yeyovoTwyv oudétepou
eebpotog dev e€optdtar and Ty Yevor Tou vetpivou. Avtidétwe, n Totoloyia
TOV YEYOVOTWY PORTIOREVOU peVpATOS Dlapépet yia xdie yevor. Ot gopiopévou
EEVPUTOC OAANAETUORAOELS VETRIVWY [1LOVIOL Tapdry oLV J1axedc EPBENELNS HIOVIXES
TEOYLES X0l ABPOVIXO /X0 NAEXTEORAY YNTIXO XATAUOVIGHO, EVE OL AAANAETLORE-
OELC (POPTICHEVOU PEVHIATOC VETEIVWV NAEXTEOVIOU TOREYOUY NAEXTEOVLOL Xal
EMOPEVWC NAEXTROIAY VN TLXO XUTALOVICIO TOU ETUXAUAUTTETOL IE AOPOVIXO KATOLO-
viopd.  Ov adnAemdpdoelc QopTiopévou pedpatog VETpvou Tou T (Taw AET-
Toviou) Topdyouy éva T axohoudoUREVO amo Evay aBEOVIXG XaTaoViopd. Avaho-
Yo e TNV amodLEYEPOT) TOL T Propel vor utdpget eite unoypapt Tpoytdc (track)
ocopoatdiov elte unoypapr xotaoviopoL. IToAES opeg, Ta T AETTOVIOL EYOLV
UEXETT EVERYELX OTE VAL BLVUGOUY PEYAAO PEQOG TOU VLY VEUTY| IE AMOTEAECAL
otav Vo avTidedoouy Vo SNpLoLRYHOOUV €V GEUTEQO XATUMOVICHO. XLT1| OUY-
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XEXPIIEVT TERiTTWOT, 1) UToYEAPT] TOL YEYOVOTOC ovopdletar ”double bang”.
Y10 emdpevo oynpo mopouctdlovion oL SLPORETIXES TOTOAOYIEC Yo othAN-
AETUOPACELS (POPTIOPEVOL PEURATOC OIS €YOUV XATAYPAUPEL amo To Telpoqia
ICECUBE.

X N

shower double bang*

Eyfuo 2.4: Awoypduuota Feynman xow ontixonoinon tng tomoloylag
yeyovotwy otov avyveuty) ICECUBE. H Swfdinion tov yeopdtwy anodioet
™V ypovixh eZEMEN e evanddeone pwtde oTov aviyveutr| (To xdxxvo delyvel
NV TEAOTN EPPEVIOT PWTOC Xat TO PTAE TNV TeheuTtaio).

To Boaoixd xhewdl yio TNV Ao Tpovopiol VETRIVWY 1IE TN YE1OT) ALY VEUTWY
Cherenkov amoteholv oL 0AANAETOEACELS QPOPTIOPEVOL EEVROTOS VETEIVWY
noviou. H aviyveuon twv "upgoing” povieny (6nhadr twv [ovieny tou diomre-
evolv Ty I'n xou etoépyovtan and 1o " xdte” pépog Tou aviyveuth) eoo@ahilet
TNV TEOEAEUCT] TOUG OO T VETEIVA XIS XAVEVAL GANO YVWOTO oraTidlo SV
nmopel va damepdoel v I'n ywele va ahknhemopdoet. Emmiéov, to povia
uPnirc evépyetag Tadldebouy o PEYEAEC AMOGTACELS OTNV UAN XOL TO OUY-
HEXPIPEVOL GTO VERO TIELY amoppo@ndolyv. AuTéd Nog EMTEENEL Vo avly VelGOUNE
Hoviae tou dnpoveyRinxoy TOAAG YIAMOPETEN PHaUXEUS amtd TOV oVLYVEUTH Xou
odnyel ot peydin ad&nom tou evepyol aviyveutxol éyxou. H avoxoataoxeur
TN TEOYLAS o TNG EVERYELIS TwV [oviwy Boacileton oTny avaxataoxevy| Tou
xwvou Cherenkov 6mwg mpoavapépinue, xau pog mopéyel pe mohd HPEYAAN
axp{Belor v xoteduvon Twv vetpiveov and to onola dnpovpyinxayv. To
TapAmdvVL xorhoToOy Wovixd Tar VETpiva [oviou (QopTIGREVOU PELIATOC Yid
v actpovopia vetpivev. I'o To Adyo autd, vetplva xan avTi-veTpiva Jtoviou
TEOCONOWWINXAY OTWS TEQLYPAPETAL OTO XEPIAno 4 TN mopolous epyactiog.
H extipnon tne evépyelag vetplvwy amd autd 1o xavdhl ahAnhemtidpaong dev
elvon amAt| ol €va onpoavTixd PEEOC TN TEOYLAC Tou Htoviou pmopel va etvan
EXTOG TOU VLY VEUTY|, [IE AMOTEAECIO TO PWTOVLAL TOU ABPOVIXOU XATOUOVIGHOO
xan Toe potovia Cherenkov va pny aviyvebovton.
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2.2 TYTroBadpo opnatog ot UToVANAC TSI
TnAsoxomia veTpivewy

To unéfatpo ot uTodaAdcoia TNAEGHOTILA VETEIVKDY amoTeAELTAL Amd TO QUOIXO
UTOBoEO TWV ATROCPALPIXGY VETRIVEV X0 ATIOGPAUEIXWY ILOVIWY Xt TO UTO-
Bardpo amd mepBolhovTinols TapdyovTes ONAAdT amd TNV PAOLEVERYELD XL TNV
BloguTadyeto.

2.2.1 Arpoocaipixd vetpiva xol HLovia

‘Onwe €yer mpoavageplel Tor ATHOCPOUEIXA VETEIVOL XAl ATHOCHOUELXE JLLOVIAL
TEAYOVTAL XATE TNV AAANAETIORUCT] TWV XOCTUXOY axXTVWY PHE TNV ATHOCHOULEA
e I'mg. Katd tn Sidpxeior autodv Twv aAANAETIORIcEWY, TERAOTIEC TOCOTNTES
vnloevepyelaxmy oVioy dNIoLEYoUVTUL OF EXTETAPEVOUS XAUTOLOVIGILOUS.
To niexteovia Aoyw tTne pixenc Toug pdlag €xouv pxer) epfélelo xon amdp-
EOPWVTAL OO TNV ATIOCPOULE TPV PTACOLY GTOV oY VELTH. AvTidétwe, To
ATPOCQALEIXE VETEIVAL X0tk PILOVIAL E(VOL TILO BIELGOUTIXG XAl YTAVOUY TOV OVLY VEUTH
amoteddvTag T avemdipnto” ofpa. H novtion twv tnieoxoninv vetpivev o
peydho Bédn (2-5 km) oto vepd | tov mdyo andtelel v mpdTn Ywpedxion
am6 atpoopoueixd ovia. 2oT6c0 auth 1 Ywedxion Sev elvar emoEXNc xol To
TnAeoxomo VETpivey (dyvouv xuplmg yior IOVio e ovodixy Topela k¢ TEOC
Tov aviyveutr. Tétow plovia pmopodv vo mpoépyovion HOVo amd VETEIVAL Xo-
Vg T vetplva efvor Tor poval Yvwotd cwpotidlor Tou PTopody Vo SlamepdoouY
v I'n ywelc va andppopniodv. Autd onpaivel 0Tl T TNAEoxOTA VETRIVODY
mou Peloxovtal 6To voTIo Naiogaiplo tng I'ng €youv "opatdtnTa” o€ Qouvopeva
Tou Bopelou PE€poug Tou oupaYoL Xl avTIoTEOYWS. Ilapdha autd, 1 I'n elvou
OYEOOV adlapaviic Yo To VETPIVaL e EVERYELEG PEYaAUTERES amd pepixd PeV
pe anotéheopa vo ypeeldleton vor peyahwoet 1) {evitiont| anodoy | wote va Yivel
QT N PEAETN TV UmAlo-evepyelaxdv veTpivewy. Ot udnhotepeg evépyeleg
TV [ovioy and eEwyhveg Tnyéc Bondoly oto Blaywpelopd Toug and To Xo-
Yodurc mopelog atpoopoupixd ovia. To atpoogoapxd vetplva dev propoly
VoL SLory weto ToUY PEGK YVox@Y 1) {eviaxdy oplwy and ta VPOV EVERYELDHY
veTplva xat opoly HOVO VoL BLoy WELG TOUV JIE TNV OVOXATACXEVT| TNG EVERYELIC
X0l TN TEOYLAS TwV Joviny mou topdyouy. Ilapdro mou andteholy To Paocnd
umoBolpo Twv TNAEoXOTIWY VETPIVWY, 1) POT) TWV ATHOCPAULEIXWY VETEIVGDY Xal
noviwy etvor yvoo | pe axpeifeta xan €tol o undPaipo autd yernotponoteiton
¢ éva 1€00 Padpovopnong g anddoone VoS AVLYVEUTY.
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2.2.2 Padievepyeia xou BlopwTtadystia

Ot Swondoelc padlevepy®y oTolyElwY 6T0 YaAacovo VERO SNILOURYOLUY (Qop-
Tiopéva owpatida. H dddoorn autev tTwv cwpatidiny 6to Yahacowvd vepd
pmopet va 0dnyroel oe mapaywyy pwtéc Cherenkov to omolo pipeitar To Qo
TOU ToEdYoLY cwpoTd Tou TEogpyovTtal and Ta vetpiva. To padievepyd
ototyeto K40 elvar dpdovo 610 Yohaoowd vepd xou Blaomdror oe 800 xupiee
xovdAlor Tou divouv elte nhextpeodvia elte axtivee v pe evépyela mepimou oTo
1 MeV. Ta niextpdvia mou mopdyoviar cuvidng TAneoly T mpolrodéoelg
v T mopaywYr @wtog Cherenkov, to omolo pnopel vo unoctel ToAamhég
oxeddoeic Coulomb ota nepiBdriovta vepd. Ou mahpol pwTéC 0TOUS POTOTOA-
hamhaotao TéC Tou Topdyovton e€antiog Twyv SlaoTdoewy Tou K 40 (61w paivov-
TOL OTIC TOPAXATE OVTIBPAOELS) PMOEOLY VO HEWDOUY GMIOVTIXG OTOLTVTOC
CUITTWOELS TUAR®Y PETAEY YELTOVIXOV QPWTOTOMATAACIAC TGV 0TO (Blo OT-
w6 ototyeio (Optical Module - OM).

WK =% Ca+rp,+e

W SO A et Y Aty 4,

H Bogotadyeia avagépetan otn @wTtadyeld Tou Tpoxaheltal and
épploug opyaviopolg mou Louv ota Bain tng Ydhacoag. H évtaon tou gpwtoc
TOU TUEAYETOL AOYW BLo@wTadyelag xot 1) SLIEXELL TOU (PULVOPEVOU OLAPEQEL.
Hapadetypatog ydpLy, to Baxthpior EXTEPTOLY QS GToERd 0TO TEPACHA TWV
WEWY EVH PEYUAUTEPOL peYEUoug opYoviopol eXTENTOLY QOC NE eXAdpPeLS
HixpdTEENG OLdpXElos (HEPXOY BEUTEPOMETT®WVY) AOYW TEHOXEOLUONE HE LTO-
Yoddoowa avtixelpeva 1 dhhoug opyaviopole. H Bogwtadyela anoteiel unéPo-
Yo 6T0 oo TOV TNAEOXOTUOY VETRIVWY xoda¢ 1) exTopTy| pwtdg cupPaivel
OUY VA XoTE TNV GUXEOUCT TWV EUPLWY OPYOVICHWY, YLl TUEAdELY|Id JIE TO
TnAeoxomo. Eivou emopévewe onpovtind va yvwpeiloupe, molog elvar 0 pohog
e PLOPOTAVYELC OTIC OTTIXES WOLOTNTES TOL VEPOU OTO GNHElD ToToVETNONG
TOU TNAEOXOTIOL VETPIVWY X TOLEC QOTEWVES TNYES (evidoelc) pnropel vo utt-
Gpyouv Tomxd [24].
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2.3 To xvupldTtepa v Aettovpyia
TNAsoxomia veTpivewy

To TedTar oY EdLL xou 1) ETIAVOT) TV TEYVIXWY TPOXANCEWY OE GYECT) [IE TNV TOV-
Tiom xan TN Aettovpylo Twv Tnheoxoriny vetpivev analtnooy ToAES dexaeTieg.
To mp®to unodardoolo tnheoxdmo veTplvwy ftav o aviyveutic DUMAND
(Deep Underwater Muon and Neutrino Detection project), o onoloc mov-
tlotnxe otnv axTh Tou peydiou vnowl tne XoPdng oe Bddoc 4800 m. H
emtuyiot auTol TOL TEWRdIaTOS fitay 1 TonodéTnon nag cuototyluc (string) pe
POTOTOAMATAACLAC TEG, TOU EQERE OPYAUVA Yiol TEPUBUANOVTIXEC NETENOELS XAl
evéc aPwtiov cuvdéoenwy (junction box) mou cuvédee To tapamdve pépn oto
Budé e Ydhaooog [5]. Axoholince to Tnheoxdmio vetpivwy tne Baixdine, to
omnoto Eeywpllel yia TIc poVadIXES NG WLOTNTES xS ToPOVCLALEL HELWHEVO
YopuPo and To K evéy xotd touc YEWEPLVOUS PNVES 1) ETLPAVELd TNg Alpvng
nayovel ondovtag otig Swdixacieg ouvtienone. Onpwg, to prxog amode-
eOPNONG TV CLPATIWY 6T0 VERd TN Alpvng elvar TOAD juxpdtepo o oyéon
pe to Yahaoowd vepd xou 1 TomoVETnon Tou Tnheoxomiov oe pxpd Bddog
(mepimou 1100 m) Snpioupyel peydro mococtéd uToBdipou and aTpoCEUEXY
movia. To mpwto pépog Tou aviyveutr| andteholtay and 3 strings pe 36 orn-
Txd ototyeto (OMs-optical modules dniadi aviextixéc yudhives ogaipec uno
n{eon otic omoleg epnEpEyOVTAL Ol POTOTOAMATAACLUCTES) €V apYHTEPR TO
péyedog Tou aviyveutr) auihinxe oc 192 ontxd ctouyeio Totodetnpéva oe 8
strings xou mpootéUnxay 3 emnAcoy strings oe anéotacn 100 m and to xévipo
TOU oLy VeuTH € 36 QOTOTOAATAACLIO TEC TO Xoéva [14].

To tnheoxémo AMANDA (Antarctic Muon And Neutrino Detec-
tor Array) eivor To TpdTO 0E Aettoupyia TnAeoxdmo tonodetnuévo Badid oTov
méyo Tou Notou II6hou pehet®dvTag Tig IOTNTES TV VETRIVWY oL TROEP)Y OV-
Tan and to Bopelo TpApa Tou ovpavol. To mp®To onpavTixd eniteuypa HTay
n Tonovetnomn 10 strings pe 32 gwtonolariaclacteg o Bddoc 1500 — 2000
m, to 1997. Kotd 1 Sdpxeio Tou 2000, 9 strings mpootédnxay, 3 ex twv
omolwy elyav ontixd otovyeio mou Beloxovtay oe Bddog peyaritepo and 2000
m. Tehxd, 700 ontixd otoiyeio ToroVethAlnxay o 19 strings prixoug 2000
m Ve T NAEXTEXE XOADOLOL XATEAN YUY OTNV EMLPAVELL TOU TEYOU ont’ OToU
cuvdéovTay JI€ To cUoTnia utohoylotodv. H AAdn dedopévev and to nelpapio
Amanda Eexivnoe and to 1997 pe oelpd gpeuvmy Yo onpetoxéc Tnyée [5).

Metd v mpotn névtion tou DUMAND (Deep Underwater Muon
and Neutrino Detection), evpwmndixéc opddec Zexivnoov va Soukelouv yio
v onpovpyia Tnheoxoriwy vetpivwv otn Mecdyeo. Ye autd ta mhaiota
onprovpyunxay ot opddeg Twv NESTOR xow NEMO nou névticay npdTunoug
VLY VEUTES avolyTd Tne oaxthc tng ITVAou xou avouytd tne axthc tou Capo
Passero oty Itohia avtictoya. To tnieoxémo NESTOR (Neutrino Ex-
tended Submarine Telescope with Oceanographic Research) anoteheito and

23



o 8L8TaEn o oo Ao TERLOY TOU GLUVBESTAY JIE XUAMBLAL VT Yiar Tol EUALYLOTa
strings mou yenoutomolovoay ot dhieg Satdielc. To 2003 npaypoatonotinxay
ol TpKTeg doxipég yior T Phdon pog " mpdtunng” Sdtadng Tou andTEAOUVTOY
a6 éva povo Toaotépl”. AZiCel va onpeiwidel twe pe tov aviyveuth NESTOR
AVOXATACKEVAGTNAE YL TRWOTN POEA 1 XATEVYUVOT| TWV ATHOCPUUELXMY JLOVIWY
pe péon oxpBela Ayotepn amd 10°. Tlapdhhnha, 1 (Bl opdda extélece OLd-
(POPEC PETPAOELS Yot TNV B1dd0ooT puTog o peydho Bddog urohoyilovtog Tig
EMNTOOELS ToL Bddoug Tou vepol oe dlagopeTtind péepn tou loviou [11].

Eyua 2.6: Lymuatxy| avomopdotact tou aviyveut) NESTOR (aplotepd) xon
Tou aviyveuth NEMO (8e€id)
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2.3.1 Tnieoxonmo ANTARES

O aviyveutic ANTARES, o omolog ohoxAnewinxe to 2008, eivan to peyaibtepo
TnAeoxomo veTpivo ato Bopelo nuiogaiplo. Tormodetnpévoe oe Badoc 2500 m
otn Meodyeio Vdhacoa xou 40 km amd v axt| tng Tovkdv otn F'adhia, €xel
0TOY0 TNV avalATNoT Ao TEOPUOIXWY VETEIVKVY. O aviyveuthc anoteheiton and
12 strings, xadéva and to onola €yel UPog 450 m xan cuyxpateiton o GYEBOY
xataxopupn Véorn and to Buld tng Vdhacoac. Kdde string nepihapfdver cuvo-
Axd 75 omTixd oTolyeld EVTOS TWV OTOlWwY TEQIEYETOL EVAS POTOTOMATAAUCL-
Ao TG Xou ToL onolar Elvor SLATETAYPEVAL OE YwVia 45 PHOoe®Y “X0LTOVTIC TEOS Ta
x4’ xaw totodetnpéva o Badoc petald 2000 m xou 2400 m. Xtnv ek
TOU J1opYPY| 0 vty VeLTHS, €xel cuvolixd 900 onTixd cTolyelo xaTavepnpéva oe
mAdtoc 150 m xar Udoc 300 m [12]. H petagopd towv dedopévemv otny axth
yiveTtan p€ow evog OIXTUOL OTTIXMY XUAWOIWY EVEM NAEXTEIXO PEVIIN NETAUPERETOL
PECK NAEXTEXOV Xohwdlwy. O peyolltepog, HEYEL OTLYING VLY VEUTHS, TOU
TopoTNEEL TO VOTIO TRANA TOU 0UEAVOU, EYEL XATOYRAPEL APXETES EXATOVTAOES
atpooouexd vetpiva. [13].

Lo 2.7: Nymuotin avanapdotaot tou tnheoxomiou vetpivwy ANTARES
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2.3.2 Trnieoxonio IceCube

To tnheoxdmio IceCube eivon aviyveutric vetpivwy evog xufixol ythiopétpou
TOMOVETNPEVOC GTOV VOTIO YEWYRAUPXO TOAo ot Bdtog petalld 1450 - 2450
m. H xoataoxeur) tou aviyveutr Eexivnoe to 2005 xau teheiwoe to 2010. Hon
TELY TNV OAOXATIRWOT] TOU avLy VEUTY|, Elyay Eextvioel var hapifBdvouy dedopéva
nepinou 40 strings tov Anpihio Tou 2008, 59 strings and tov Mdio tou 2009
xan 79 strings omé Tov Mdwo tou 2010 evedy and tov Mdwo tou 2011 #rav
Thfpeg Aettoupyixdc. IIAéov to IceCube anoteleitan amd 5160 Pnpland omtixd
otowyelo (OMs) eyxoteotnpéva oe 86 strings pe andotoon 125 m petald
Toug otov dyo. Ta OMs €youv andotaon petadd toug 17m oe xdie string.
Oxted amd autd to strings elvar moO TUXVE EYXATECTNPEVO GTO XEVIPO TOU
avtyveut) mou ovopdletar Bodic muphvae (deep core) xou amoteheiton ond 5
popéc To Tuxvé and didtaln dyxo (instrumented volume) an’ 61t 1 xhaoouxr
owdtaln tou IceCube. O Padic muprvag Peloxetar ota 2100 m xdtw and tnv
ETULPAVELDL TOU TTAYOL xal XoTd cuvénela aflonoieitar 1 VAR xadopdtnTa TOou
mdyou oe autd T Badrn. Xenowponoeiton xuplng we enéxtaor tou IceCube
yioo yapnire evépyeog vetplva. Ilpdogata, and v avalAtnorn yeyovotwmy
VETRIVWY A0TROPUOIXTC TROEAEUOTC YETOLLOTOLOVTAS OEdopEVa ActToupyiog 6
ety tou IceCube , Beédnxav 80 yeyovota udming evépyelog e To onpelo
M NAETIBEACNC 0TO E6KTERPXG TOL oLy VEUTN XdTt Tou emBefardver Tng Umapdn
vetplvwy pe eEwyaradlony| TpoEAeuo.

Laboratory

Amundsen-Scott
South Pole
Station
Antarctica

Digital Optical Module 2450 m

DOM 2820m ' § Eiffel Tower 324 m
86 strings «

5160 optical sensors Dearech

Eyhua 2.8: O aviyveutrc vetpivov IceCube
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Kegpdiaio 3

H gpeuvntixn utosopn
KM3NeT

To KM3NeT etvan piiar epeuvntinr) unodopr) mou Yo amotekeiton and éva dixtuo
umoBpLyLwY TNAEGKOTIWY VETPIVWY Tar ontolar Yo totodetndoly otny Mecdyelo
Ydhaooo. Me tnv ohoxhipwor Tng UTOBOPTE, To TRAEOXOTLA Yo €YUV oV VEU-
O OYXO PEYATOVWY OE PEEUXd xUBxd yLAtopeTpa xadapol Yahacavod vepoL.
To KM3NeT o avoi&el éva véo mapdiupo oto Lopnav ohhd tautdyeova Yo
CUVELCQEPEL XL OTNV ERELVA TV ABLEUXPIVIOTOV WOLOTHTWY Twv veTpivwy. To
KM3NeT o anotehelton amo 600 OLAPOPETIXEG VLY VEUTIXEC UTOOOHRES, TOV
ovtyveut) ARCA o tov aviyveuti ORCA. O aviyveutic ARCA (Astropar-
ticle Research with Cosmics in the Abyss) eivar éva tnieoxdmio vetpivev
HEQAY XUPBIXOV YIALOPETEMY TOU OXOTEVEL GTNY HEAETN TwV LPNANC eVEpyELog
vetpivewv (otn teptoyn twv TeV) e€wyRvng npoéhevong. O aviyveutic ORCA
(Oscillation Research with Cosmics in the Abyss) xoAUntel 6yx0 NeEPIXMOY XU~
By PETpwY X oxoneleL 0T PETENON NS Lepapylac T palog Twv VETpivey
YPNOLHOTIOLOVTOS TG TOAAVIWOELS ATHOCPAUEIXWY VETPiVwY (oTh Teptoyr Twv
GeV). H napoloa epyaoia emxevipdvetor ot yphon tou aviyveut) ARCA xo-
V¢ amotehel To Bacixd epyaheto yio Tnv actpovonia vetpivey. H gpeuvntiny
urodopy) tou KM3NeT Yo guioleviioel eniong epyaheio yio T EMOTARES TNC
I'ng xon tng Ydhacoag yio paxpompddeopeg aAld xou ancuielag tapaxorodinon
Tou TepBdihovtoc oto Bdboc tng Ydhaooog [15].

3.1 O aviyveutnc ARCA

O awyveutic ARCA da yenoipormoindel yio Ty aoTpocwpaTidlaxy €peuva
apoy pe TNV ZoUPETNY DlaxpLTix)| xavOTNTaL TToU ovapéveTton vor tetlyel [19],
Yo xoTUo THOEL BUVALTH TN PEAETT TNE POTIS XOOTLUXGY VETRIVGY, Ty ovTag TOAD
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ONPAVTIXES TATPOPORIES YL TNV TPOEAEUGT) TNG POTIC, TO EVERYELUXO TNG PACA
xaL TNV oLotaon Tne o 7 yeloelg” vetplvwy. Ao tnv Y€an Tou aviyVEUTH 0T
Meoébyero 9dhacon, Vo propel va yoptoypagpniel o 87% tou ovpavol, oto
omnoto Yo epmepléyeton To xUELOTEPO pépog Tou Iuhadio xou to yahalioxd xév-
tp0. Emnpboteta, ol 8ibétntee Tou vepol tne Mecoyeiou (1) yopunhr didyuon)
emTEENOLY TNV axeBr) pétenon tne xateduvone Twv VeTplivwy, To onolo clval
e€oupeTinfic onpaciog xoog Yo propolv va Tpocdlopta ToOY oL TNYEC EXTOUTAS
TOuG.

O oaviyveutric ARCA da tonodetniel otnv éon KM3NeT-It, mou
Beloxeton 100 ythidpetpa and TNy oxth Tne pixperic moane Portopalo oto Capo
Passero otn Xixehlo Itoklag. O aviyveutinéc povddec tou tnheoxoniov ARCA
Yo PudicTolv oe Bddoc 3500 pétpwy. Me 11 xatdhhnin cuctotyia TEIGOLd0-
TATWY AVLYVELTIXWV J1OVAdwY, Yo Pmopoly vor aviyveuolv xoopixd VeTpiva
evepyelwy and TeV éwc xou exatovtadeg PeV.

Apyixd, o aviyveuthc Ya anotehetton and 500 dopxd otovyeia (build-
ing blocks) mou Yo xohbnTOUY GUVOAXS bYXO EVOC XUPIXOY YIAOPETEOU OTO
Capo Passero tng Xxehuxric axthc, oc Bddoc 3500 pétpwv. Kde dopxd
otolyeto elvon pior oyedoV xUAVOEXT avly VEUTIXT BLdtan mou anoTteAeltal and
115 aviyvevtxéc povadec (Detections Units - DUs) , otic onoleg avagepbpoote
w¢ strings. Ye petayevéotepo otddlo, o aviyveutric ARCA do amotelelton
am6 Tplo Sopixd ototyelor Tou Var 6iVOUY GUVORLXA AVLYVEUTIXO OYXO UEXETWY
HUBXOY YINOPETEWY - 0 oTolog e€uPTdTaL OO TNV ATOCTAGT| TV OVLYVEU-
XV PoVAdeY petoxd toug. T'a T TomovéTnon Twv Sopixmy GToLYEIWY ToU
aviy veutr| €youv potodel 500 axopa éoei @ | KM3NeT-Fr otny Toulon ot
Avyxotplo Bdhacoa oe Bddog 2475 pétpwy xow n KM3NeT-Gr otnyv [TVho tneg
Toviou Ydhacoog oe tela mdavd Badn Twv 3750, 4500 xou 5200 pétpwv. Ot
Tapamdvw VEoelg £youy emhey Vel xoddg TANEOUY TIC ATAUTACELS TOU TELRHPATOS
AOYW TOV EEAMPETIUDV PUOLXWY, YOLOPUOLXWY Xl WUEAVOYRAUPIXWY WOLOTHTOY
Toug. 1o ouyxexpéva, autég ol H€oelg TapeEyouy TOAD XUAEC OTTINES WOLOTNTES
TOL VEPOU, oY BlogumTadyela xou Boxtnetaxt) 600 TACT 0TI OTTIXES ETULPAVELES,
yopnAd unodahdoota pedpota xou yapnié puind xadilnong xou miavdTnTag
oelopxol prypotoc. Ou ¥éoeig autée elvan eniong emopx®dg xovTd oTIC axTég
BLEUXONOVOVTAC TNV AVATTUET TOU TELOGIATOS XOl IIEWWVOVTOS oa¥nTd To xOo-
TO¢ O OUVOECELS XahwdlwY loylog xau ofpatog e TNy oaxtr. Iapdhinia, ta
Bain tne Vdhaooac oe auTég Tig Teptoyé Bontolv otny jielwor Tou utofddeou
TOU ONPATOG AMd T ATHOCPAULEIXY [LLOVLAL.
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]
w 3500 m [ 4500 m -5200 m

Capo Passero Pylos

Yyfua 3.1: Ov tpotevoueveg TomoUeaieg TeV BOUIXMY GTOLYEIWY TOU VLY VEUTH

ARCA.

3.2 O aviyveutrngc ORCA

ITap’6M0 Tou 1) Epyacia ETXEVIPMVETOL GTNV 00 TROCWHATIOWIXT PUCLXT| XAl TILO
CLUYXEXPIIEVO OTNY aoTpovopia Vetpivwy Jie T Yprion tou aviyveuthh ARCA,
amopoftnTy ebvon pia advtopn avagopd otov aviyveuty ORCA. O aviyveutrg
ORCA o ypnotpomoinel yio TNV €eUval GTO TOPEN TNG CWHATIOLIXNS QUOLXNG
agol ot emotipoveg Tou KM3NeT do peretricouy Tig Bacinéc WOLOTNTES TWV
vetpivoy, oflonolwvtog Ti¢ dplovee poég VeTplvwy Tou mapdyovion omd Tig
OAMNAETUOPACEL TOV XOCIXOY oxTivwy e TNV atpdogapo e I'nc. H por
ATHOCPUPXOY VETRIVWY avTIIETWTETon Tapadosctaxd kg undPfadpo oTny avi-
YVEUCT| ONHOTOC VETPIVWY XOOHIXAC TROEAEUOTS, Top OGN aUTA Tol TEAEUTala
xeovia dlamoTinxe 6Tl oto elpog pepxwy GeV, 1 por vetplvwy propel va
" amoxahOel” TIC amavTACELS OE xabplar xoi Baotnd EQOTARNTO TNG CWHATIOWXNC
PUOAC, OTIWS TN OYETXAC TEENG TwV paldy Twv vetpivov (tepapyio pdloc).
H emppor tng tepopyion Ty palody oTig THAAVTOOELS VETRIVWY ApriVEL AmoTUTHA
OTNV ATHOCQYUEXT POT| VETEIVWY PECW TNE YORUXTNEIOTIXNAC EPRQAVIong 1| €&-
apdvione patterns Twv SLUPORETIXOY YEUCEWY TWV VETPIVWY CUVIRTACEL TNG
eVEQYELNG XL TNS dLadpopric Toug dapéoou tne I'ne.

H tonodétnon tou aviyveutry ORCA otn 9éon KM3NeT-Fr otnv
Toulon g T'uddiog mepimou 40 yihdpetpa and v axtr, Vo enweehniel
amd TG WLOTNTES TOU vepoD yiot TNV en(TeLEn TOMD XS YOVIOXNAC XL €V-
gpyeloxnc Sloxpltixrc xavotntoc. H tomodétnong tou aviyveutr| €yel Cexwvi-
o€l xou anooxonel 6Ty dnovpYin evog TewToTiToL Tou Yo amoTEAElTOL Ao
7 aviyVeuTIxéC povddeg oe anootaon 20 pétpwy petadd toug. Ou aviyveu-
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TIXEC NOVADBES YENOLHOTOLOLY TNV (BLor axeLBi TEYVOAOYIA IE TIC AVLYVUETIXES
povédeg Tou ARCA, pe tn Stopopd 6TL 1 xortaxdpuen andctaon twv OMs etvou
9 nétpa, mEdypa TOU EYEL GOV AMOTENEGHA TO GUVORXO UPOC TN AVl VEUTIXAC
povédog tou ORCA va eivon "povo” 160 pétpa. O mAfene aviyveutric ORCA
Yo anoteleiton enlong amd 115 aviyveutinég povadeg.

3.3 AviyveuTtixég HoVvAdEQ
Detection Units (DUs)

H oviyveutnr) povéda KM3NeT-ARCA omoteleiton omd 18 dnprand ontixd
otowyela (Digital Optical Modules - DOMs) xddeto evduypappiopéva (we
mpoc tov Pudtd tne Vdhaooag) oe éva oyowi (string). Kdde DOM onéyet
36 pétpa and ta yertovixd tou. To Ooc tou oyowiod eivar 800 pétpa v 1)
an6o oot Tou TekTou DOM and to Budé tne Ydhacoog eivan 100 pétpa. Autd
Tor oyowid ebvar oryxupofBoinpéva oto Budo xon xpatolvTal oyYedOV xdeTa pE
™ Bordeta avtiBopwy ot xopugy xdde oyowiol. Abo emmAéov oyowLd xpo-
ToUV Tor omTixd ototyelo pall oe xde string, évag NAEXTEO-0TTINOS OXENETOC
napéyel ouvdéoelg petald Twv DOMs oe 800 aywyolc toybog xou 800 omTixd
HAADOLOL ETULTEETOLY TNV EMXOWVOVIN TOUS pE TNV oTepid. Tar var yiver n fodion
Twv strings ypnowponoteiton éva dympo extéievone (launcher vehicle). To
strings elvor TUAYHEVR OTO ECWTERIXO TOU OYNIATOS TO OTOLO OBNYETUL GTOV
mudpéva e Ydhaoooc and €va GAho Oynpa oty empdvetr e, ‘Otav To
oympo extéZevone gtdoet otov nuipéva, aneleudepwveton to avtiBapo (buoy)
HE axoLo TIXT ETXOLVWVIA xou To string avontiooeton xddeto 6To TAYeeS Ujog
tou. Téhog, éva tnhexateuvduvopevo dympo (Remotely Operated Vehicle -
ROV) ypenouwronoteiton yior v yiver n oOvdeon petald tou string pe v uno-
YoAAdoto umodopr| xaL To OyMpo EXTOEEVCTC GUAREYETOL Yiol ETOUEVES YPHOELC.
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Yyfuor 3.2 Ny npotiny| avamopdoTao) ToU oyYovlol - string tng aviyveuTixhc
povddoc tou KM3NeT, xadoe Eetuhiyetan utodahdooia.
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3.4 WngLoxd ontixd ctolyeia
Digital Optical Modules (DOMs)

To gnproxd ontind otovyeio anoteholvTar amd par Yudhivn ogaioo 17 tvtowy
He mdyoc tétolo HoTe va pmopel va avtédel v tepdoTio leon (we xon 350
popéc peyolbtepn and v atpoogauext tieon) oto Budd tne Vdhacouc. e
x&e ogaipa Beloxovton 31 gwtonolomhaclac tég mou €youv Totodetniel €Tol
GoTe va "xortolv” Tpog OAeg TI¢ xateLUUVoELS Yo To gu¢ Cherenkov. Ot -
ToTOAMTAACIAG TEC AetToupYoUv oe LN tdon tou 1 kV mou mapéyetar anod
eval xOxhwpo ot Bdomn pépog Twv uTonoAamAactacTOY. ‘Otay €va rnToVIo
7Y TUTACEL” OTOV QPWTOTOAATAACIAC TY) ONLovEYELTOL EVag HiXPOS NAEXTEIXOC
Tohpog, 0 omolog evioyleTal Xou PETACYNPATI(ETOL OE TETPAYWVIXO TUA[LO NE
™ texvixy| time over threshold (TOT) - n nocétnTa PuTHC PETATEENETU OF
TOGOTNTA PoETIOL, TOU PETUPEALETOL OE PAXOS TOU TEETRPUYWVIXOU TR0V
- xou anooTéEARETOL 0T xevipxy| dwayeipion hoyxic tou FPGA (Field Pro-
grammable Gate Array). Exel oanrodnxedeton o ypdvog dpiEng tou moakpot xou
to pixoc touv (TOT). Méoa oto ontixd otoiyelo undpyouy enione uoUNTHEES
yioo Bodpovopnor, por TUEBo xon EMTOYUVOLOPETEO TOU ETUTEETOLY TOV EV-
ToTopo TN xatebduvong Tou "xoltoLy” ol pwtomolhaniactactéc. Télog,
evog meonhexteds auoUNTARUC EMLTEENEL TOV TPOGOLoPIcIO TN Véong Tou
ontxol cTolyelov oe Tpelc dlaoTdoE PE TN YeHor Te TExWxAg sonar. Ot
Tapamdvew peTeroelc elvan amapaitnTec xoudde Tar omTIXd oTolyelor xvolvTo
ouveyne e€autioc Twv Yoldooiwy peupdtwy.

YUVETHE, T OTTIXE oTolyela propoLy v xatoyeddouy Tov yedvo
dpiEne tou gwtog Cherenkov mou mopdyeton 6TO VEPS OTAV T PORTIOPEVL
owpatidia (Tov TEoépyovtol and aAANAETIOEACELS VETRIVOY 0TO VERS) TEEVOUV
x0ovTd 1) péoa amd Tov aviyveutr. Me Tta otouyelo mou avagpEpUnxay propet
enione va petpnlel n pwtevdTnTa (vtaon) Tou POTOC XoL 1) YEWHETEXY TOU
Véom. Ou xataypapéc amooTéAOVTOL OE LTOAOYLOTEC 6TOUS oTadolg Enpdc
péow BTLOU OTMTXWY VGV, MToug otadpols Enede, yivetaw emelepyaoia
0e00PEVWY, E@apnolovTal oL UVIAXES GHAVOUALGIIO) XoL ETOL YIVETOL P TEWTY
eTAOYT YEYOVOTWY oL pog evilapépouy. To anoteréopata oTEAVOVIAUL GE OAaL
T KM3NeT xévtpa dedopévwv péocw diadxtiou Yo tepartépw avéiuon. H
Thnpogopia and 6ia Ta DOMs ypnouiomoleitar yior TV avoxXaToaoXeLT| TS Te0-
YL8S TV COPATIOIY.
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Eyua 3.3: Apotepd : To dnpraxd ontind otoryeio (DOM) tou KM3NeT.
AgZld @ MynpaTiXy ovanmupedoTacT] TOU ECWTERLXOL TOU (QNYLIXOU OTTIXOU
oTolyelou.
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Kegpdiaio 4

Aoyonixd mapAYwYNG Xou
TEOCONOLWCNS YEYOVOTWY

To epyoheia npocopoiwonc Monte Carlo [25] ypnoiponotodvto EXTEVOS 6NV
TELRO-POTLXT) UOLXY YLOL TNV PEAETY) TWV TOROPETEMY TOL ENNEEGLOUY TO Telpapia
xaL Yoo Ti¢ peAéteg PeAdTioTomoinong mou elvon amopafTNTES Yot TOV TEAXO
oyedloopd tou awvyveutr. Xto KM3NeT, n Monte Carlo mapaywyy| xou
TPOCOOIWGT) YEYOVOTWY YeNoLIoToLElTon Yiar Vo eEAeyyOel xou var BeATio ToTOL-
nUel 0 oyedlacpdg TOL TNAEGHOTLOL VETEIVWY TELY TNV XATAGKELT| TWV OVLY VEU-
TIXOV POVAdWY %o TNy BUdior Toug 6To vepd, utoloYilovTag To TPOGEoX0VPIEV
OTOTEAECHATA TOU PTOEOUV Vo eTUTEUYJOUV [IE TNV EXACTOTE AVLYVEUTIXN
yewpeTplo.

Apywd, yenotponoteiton to MonteCarlo yio tnyv dnpioupyio yeyovotwy
VETPIVWY X0 OTOCQAULEIXOY TovikY xaddg xaL Yl TNV TEocopolnwor TNng
amoxplone Tou aviyveuty|. Enlong, ota npocopoiwpéva yeyovota eqgoppélovia
AmUTAHOELS Yot TOV 7 oxovdahiopd” (triggering) yeyovotmy xat téhoc yiveton
OVOXATAOXEVT] YEYOVOTWY. Apywd, dnpiovpyeiton To apyelo yewpetpiog Tou
QVLYVEUTH] TTOU TEEELEYEL TNV OVLYVEUTLXY| UTODONT| X0 TO YUQUXTNEOTIXA TNG
tonoVeoiac tou aviyveuth (m.y unodordooio Bddoc, apripde strings x.A.m).
21N oLVEYELR, TO dpyElo aUTO YENOUIOTOLEITAL Yo TN TUEUYWYH YEYOVOTWY
veTpivwv yenotpormowdvtag tov yevwhtopa GENHEN [26] 1 atpoogoupixdv
poviwy yenotporowdvtac to yevwhtopoe MUPAGE [27] vy tnv avtiotoyn
VLY VEUTIXY]
vewpetpio.  Ov odAAnhemdpdoelc TV VeTplvwy xoddg xou 1 amdxeLon Tou
AVLYVEUTH XUTE TO TEQUCHO TV TUEUYOHEVDY COHRATIOWY GTOV VLY VEUTIXO
6yxo npocopotwvovton (KM3 [28][29]). H minpogopia yior tn xotavopy| twv
YEYOVOTWY Xo 0L YpOVOL PIENG TOUC GTOUC TOAATAACIAG TES Yenotptonoteital
o¢ eloodoc oty emhoyt| oxavdohiopol yeyovotwy (JTriggerEfficiency [30]).
O x@Bwag autodg etvon pépog evog ToxéTou alyoplipwy, TOL TEOCONOWWVOUY Ta
NAEXTEOVIXA TWV POTOTOANATAACLAG TV X0l ONLOVEYOVY TURIAANA TUYLOUS
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TaApoUg Tou Tpoépyovial and Tyég unofdieou. Enlong, nepiéyel éva naxéto
xpLTnelwv Yol vor EAEYYEL TNV VE€om xou TNV YeoviXT APLEn TOY PWTOVIWY GTOUC
POTOTOAMATAACLUG TEG, WoTE Vo anoppeintet hits mou épyovian and mnyée un-
opédpou. Ot nahpol tou tepvoLy to eninedo oxavdahiopoy (triggering) yenotjio-
ToolvToL and Toug akyopldpous avaxataoxeunc (oTn mopoloa epyacia Toug
alyopidpouc tou JGandalf) [19]. H oepd pe ty onola ypnotponotodvtar o
epyohelo hoyiopuxol oto melpopo KM3NeT gatveton oynpotind :

Input
Parameters

Gendet Genhen Mupage

Neutrino and
Muon Generator
¥ A

Detector Initial
Geometry file Tracks

Light and PMT
Simulations

Hits

‘. . \ K* Light Simulation,
JTriggerEfficiency  pmr response and
v ¥ Triggering
Signal and
K* hits

Reconstruction
¥ 1

Reconstructed
tracks

Yyfua 4.1 Eewd yeriong epyarelnv Aoyiopxod oto KM3NeT.

4.1 H yewpetpla TOL AV VELTH

To apyelo yewpetplog tou aviyveuty| dnovpyeitoal péow tou x@dixar GEN-
DET. Iepiéyel mAnpogopieg yior TNy aviy veuTtixy| Sdtolr, cupmeptiop3dvovTtag
N V€N TWV AV VEUTIXOVY JLOVEDWY X0l TWV OTTIXWY OTOLYEWY, TOV TOTO TKV
(POTOTOANATAACLAG TV X0l TOV TEOCAUVATOMONS Toug. Erniong mepihapdveton,
TO YEWYPUPXO [11x0g, ThdTog xat To Bdtog tne Tomoveaiog Tou aviyveutr. H
Tpocopolwor tou avtyveuth ARCA otny napoloa epyaoio €xel yivel yenouionot-
OvTag TIC avtioTolyeg TUES Yo Tr O€om Tou aviyveuty| oto Capo Passero tng
Itahfog, yiar évory xulvdpxd aviyveuts| oe Bddog 3500 pétpwv. Anpovpyinxoy
Teele evahhoxtinée yewpetpleg tou aviyveuty KM3NeT-ARCA, otig onoleg
TEPLEYETAUL O (510 apLIPOC oVEY VELTIXWY POVABWY Xl OTITIXWY CTOLYEWY, EVE
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oANGCeL povo 1 amdoTaoT HETAE) TV VLY VEUTIXGOY [10vadwy o 120 m, 150
m xou 180 m. H Sudtadn yio o xdde block (and to duo nouv Yo Vewpolvron
oty perétn g epyoaoiog) Tou aviyveuti ARCA noapoucidleton oto oyrfiparto
4.2 éwg 4.5 yioo Ty xdle pia and TiC YewpeTpleg mou Yo yenoiporoindody otny
gpyaoio. O 6yxoc tou xdde block yia Tic yewpetpleg mou peAetwvton ebvon :
0.5 km?, 0.65 km?, 0.78 km? »ot 0.98 km?3.

1800y £600g
= = L
goof: goof:
600F 600F . \.\\
400] el \'\/% 400! N . \
200 T TS St 200} o .
I I Jam; ; [ / O.m...\
of ol \ e /
—200f —200] \ . —
-400} N 400} :
-600f -600] SRS D
800} 800}
— | ] L L L L L L L — | ] L | | | | | |
1099500 500 0 500 100t 1% 000 500 0 500 1000
x(m) x(m)

Yyhuor 4.2: Tpopiny) avamopdo oot tou BAogx tou aviyveuth APA yio ando to-
on 90 pétpwv (aptotepd) xou 120 uétpmv (Be€id) petall TwV oV VEUTIXOY UO-
VABWV.
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Yyfuor 4.3: Tpopiny) avamopdotaot tou BAocx tou aviyveuth APA yio ando to-
on 150 pétpwv (opotepd) xon 180 uétpmv (Oedid) ueTad TV ALY VELTIXMY
HOVADWV.
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4.2 T'evvrtpia yeyovotwy vetpiveoy GENHEN

To npédyponpoa GENHEN [26] (GENerator of High Energy Neutrinos) ei-
vou o yevvhtela Monte Carlo yeyovotwy vetplvev udmimdy evepyeldv mou
TPOCOOLW-VEL TIC AAANAETIORAOELS VETRIVY Xt avTveTpivewy e Ty UAn. H
PEYLOTN EVERYELD TV VETPIVLV (Xon TwV avTvetpivev) mou mopiyinooy yio
auth TV epyacia ebvor 108 GeV. O aviyveutixde dyxoc tou evée ARCA block
(instrumented volume) avomopiotdtor pe évoy xOhvdpo oxtivae 504 pétpwy,
yioe Ty tumxr yeopetplo tou KM3NeT pe andéotaon HeTadl TV vy VEUTIXGDY
povdadwy 90 pétpmy xou axtivag 650, 780 xou 980 pétpwy Yo TIC YewpeTpleg e
amooTaon PETAL) TWV AVl VELTIXGY Hovadwy 120, 150 xo 180 pétpwy mou Yo
peietndoly otny moapoloa epyasia. To Uog tou xUAVGpou elvon oe dheg Tig
vewpetplee 612 pétpa. Autdc o xOAVOPOC EPTEpLEYETAL OE €vay PEYUADTERO
x0Avdpo, Tou ovopdleta ”Soyelo” (can) otov onolo dnpovpyodvtal o PKTE-
vioe Cherenkov. H oxtiva xou to Oog tou peyahitepou autod xUAvGpou elvar
oYEdOV TO PAXOC AmOPEOYNONGS TOU QWTOC 0To VAAACOVO VERO NEYOR)TERX
omd Tov aviyveutxd byxo (mepinou 2,5 @opéc peyahltepoc), dea o QOTO-
VIOl TTOU TPy OvTaL EXTOC TOU HEYAUAUTEPOU XUAVOEOU €YOUV TOAD HXEY| Ti-
YovOTNTAL Vo PTAGOLY GTOUG PWTOTOMNATAAGIACTES xou Vo " dwoouy” orfpa. O
byxog maparywyhc (generation volume) mou avomoplotd Tov 6Yxo otov onoio
7oL VETPIVAL OAATAETILOPOUY JIE TOL VOUXAEOVLOL X0 TA NAEXTEOVLOL TG DANG, AVTLo-
Totyel oTov 6Yx0 Tou propet va enextadel To doyelo-can 6To EYLGTO €0POC OL-
adpoptic Tou Aentoviou 6To péco (Vdhaocoa) yio TNy PEYLOTY TN TNE EVERYELOC
otny onola €yel napayVel To cwpatidlo. XN TepinTwon ToU To VETEIVA €Y 0UV
OAANAETUOPAOEL OTO ECWTERXO TOU PEYAAUTEPOU XUAIVOEOU, Oha Tar cwpatidia
TPOCOOWVOVTOL XalL XaTorypdpovton. Edv o vetplva €youv adAniemidpdoet ex-
TOC TOU PEYAAOU xUAVOEOL, 1) IxedTERT andoTooT) PHETAE) TOU oNielou GAAT-
Aemidpaong Tou VETEIVOU ot TOU NEYIAOL XUAIVOPOL PETEdTAL, CUYXEIVETOL TOTE
pe TNy PEYLOTY Bladpopn) Tou [oviou xou av efval JXpOTERY HETUPEQETOL GTNY
empdvela Tou doyelou pe TN yerion xdmowwy and Toug xwdxeg MUSIC, MUM
xouw PropMu [28] [29]. Awgpopetixd 1o yeyovoc anoppinteton xodde to pdvio
oev Yo PTACEL TOV AVLYVEUTIXO OYXO.

Ta vetpiva tapdyovtar andé to GENHEN e xdnoto @dopo-por| mou
nmopel va pudniotel and Tov yerotn. XTnv epyacio auty, peAeTAUNXOY OL-
apopeTES PoEC VeTplivwy.  AmmovpyRinxay vetplva péow Tou evepyEelaxol
PACPATOC M6 TOV TEOTEWOPEVO VeWENTXE PNnyoviopd emitdyuvong Tou Fermi
(Fermi Shock Acceleration) mou meptypdeper tn dnpovpyia vetpivev udgmidyv
EVEQYELDY X0l HETE TAL YEYOVOTO ENAVAXAVOVIXOTOLAITXAY GTO GANOL EVERYELOXSL
(PACHATA IOV YENOOTOLUNXaY GTNY PEAETN TN EpYaolag.
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4.3 To hoyiopxd npocopoiwone KM3

H nopaywyr cwpatiov yivetor H€0w TOU XOOXO TOU TERLYRAPETUL GTY) TEO-
nyolpevn napdypago. H mpocopolwon twv ¢oToviny Tou exmépnovial xatd
™ Sidipxelar TG SLadEONg TWYV POPTIOREVKY cuPaTdlWY (Tou Taprydnoay ond
OAANAETBEAOELS VETRIVGY) YiVETOL PE TN YPHON TOU AOYIOHIXOU TEOGOHOWoNS
KM3 [28] [29]. To hoyopixé KM3 yenouionotel anoteréopato and nhfpelc
TpocoPoWoELS Ypnotponowdvta To hoyiopixé GEANT poviwy xou nhextpopo-
YVYNTIXOV XATUYLOP®Y 0T0 Yahaoovd vepd, yia vo dnptoupyniel évoc apriiog
puTOoViwY Tou Yo PTdcouy 6Toug pwToTtolhaniactactéc. H mirene npocopoinon
OMWV TWV CAANAETUORACEMY TWV CWHIATIOWY 0TO VIAAGOIVO VERO Xal TWV Q-
Toviewy Tou TapdyovTal amd auTeS TG dladixacteg etvar ja ypovofopa Sladacta.
Mo va pewwdet o CPU ypdvog mou etvan avoryxalog ot TNV TeocopoiwoT auTmy
TV YEYOVOTWwY, To Toxéto KM3 yenowonolel nivaxeg mou mepléyouv mAneo-
popleg yio TNV TAen e&€dpTNom NG TaRAYWYHS, SLAB0ONG, OXEDUCTC XOL ATOP-
eopnone tou wtdc Cherernkov oto Yohacowd vepd, and To 1 x0¢ XUHATOC
Tou Qwtéc. Emlong, xatd tn mpocopoiwon hapPdvovton unddiv mopdyovieg
OTWE 1) ATOXELOT TWV PWTOTOAAATAAGIAC TWY, 1) ATOPEOPNTIXOTNTO TOL YUOALOD
xar Tou ontwol gel oto omtxd otovyelo, xaddg xou 1 HPovTiny aviyveuTIx
IXOVOTNTA TOV PWTOTOMAATAAGIAO TGV XL 1) HEWWHEVY EVERYOS TEPLOYN Yid
pwToVIaL ToU POdvouy extde dZova (off-axis).

To hoywopd npocopoinone KM3 yenoipornoiel minpogopiec and
Teelg SopopeTinég xatnyopieg mvixwy. Apyixd, "dBdlovtou” and to TuxéTo,
Ol POTOVIXOL TVUXEC TOU TEPLEYOLY TNV XATAVOLY| TWV TURUYVEVTWY POTOVIWY
oo T POETICPEVA CWRATIOL 5TO YoAAGGIVO VEEO VLol THAPNTA TWV U0 PETEWV.
To @wg and to SeuTEEEDOVTA CHOPATIOL TEPLEYETOL XAl AUTO OE TVOXEC. TN
CUVEYELNL, PWTOVXOL TVOXES Y ENOLIOTOLOUVTOL YLOL VoL UTOAOYLO TEL 1) i ovOTN T
EVol OTOVIOL VoL Y TUTOEL €vary PwToToAamAaGIac T, hopdvovtog uddy Tig
TEPUPETPOUS TOY POTOTOMITAACLAC TV OV Ypnotponotovtat (amdxpton), xBov-
T aviyveutxy) ixavotnto xhm.). Téhog, ta owpatidia Swdidovton péoo otov
OYXO0 TOU ALY VEUTY| xou BnptoupyolvTal xotavopég and hits yio Toug powtomo-
hamhaotaotég, Bactopéveg ot tonoloyla Tou xdde yeyovdTog xon GToug Ti-
voxeg miavotntag Twv hits mou €youv Non dnpovpynel.
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4.4 To AoyLopixd oxXAVOIAALCOU YEYOVOTWY Al
onpoveylag ntalpwy vroBddpou : JTrigger-
Efficiency

Ta hits otoug gwtonohhamiaclactéc mou taphyInoay pe To hoyopwo KM3
yenotponotobvtat cav "eicodoc” (input) oto JTriggerEfficiency, yio vo eheyy-
Vel €dv pmopolv vo ddoouv aviyvelolpoug toApols oty “é€odo” (output)
TOV POTOTOANATAACLIG TOV APBEVOVTAC UTOPLY To Yapax TNELO TIXE TOUS, OIS
netpinxayv oto epyacthplo. Emopévwe, n xatavopr tTou yedvou BLEAEUcNC
V8 PWTOVIO TIOU YENOLIOTOLETOL O QUTH| T1 TPOCOHOIWAT), AVTICTOLYEL OE Jiat
I'xaovotav) (Gaussian smearing) pe 2 nsec oiypo yio tn mAeognplo Tov @o-
Toviev.

O ypobvoc mévew and to xatweh (Time over Threshold - ToT) un-
ohoyileTon emlong o€ aUTO TO BN, YENOLHOTOWWVTAS TOV YPOVO EVapENg XoL T1)
Odpxeta Tou TOAROY, eV €yl tedel To péyioto Twv 255 nsec. Emniéov, éyel
cupnepANPUEl 0 XOPECIOC TWV POTOTOANATAACLAGTOV ATO T PWTONAEXTEO-
VIO TTOU XOTAUPTEVOUY TawTOYeova xou utohoy(letar oe 40 pwtonhextpdvia. Ta
VoL TEOGOPOLWVEL TO Qu¢ Tou Yo GUAEY Vel amd TOUC PWTOTOAAATAACIACTES
oto Yohaoowd vepd , mapdyovta hits anéd amodieyépoeic Tou *0K. Auth 1
npocopolwor cuprepthafdvet hits Tuyatou YopBou pe puind SkHz avd pu-
TomohhamAactao T xou hits amd moANamholc PWTOTOAATAACLACTES TOU (BLou
onuxol otovyelov (2, 3, 4 ocupntwoelc Yeyovotwy pe pudpole 500, 50 xou 5
Hz avé ontixé otouyeio avtiotowya).

Moéhic ohoxhnpwiel 1 Tpocopolwon Tou PKHTOSC TOL AVLYVEDETOL AT
TOUG PWTOTOMNATAACIACTES, €vol GOVOAO aAYORiUIWY Yia TOV OXAVOUALC]O
YEYOVOTWY Onjovpyeiton, Tpoxelévou va dlaywetotolyv ta hits copatdiony
TIOL TPOEPYOVTOL a6 VETEIVA Xall EVATOVETOUY (POE GTOV AVLYVVEUTIXG OYXO O
To hits unoPdtpou Tou BnIOLEYOLY TUAIOUC GTOUC PWTOTOANATAACLUC TES.
[ var 7amodnxeutolv” we entl To mAcloTtov hits and adiniemidpdoels vetpivev,
oL aAyOpLlfIoL Yiot TOV OXOVOUAIGIO YEYOVOTWY Py VouV Ylo OTTiXd oTol yela
ne hits peydhou "mhdtouc” 1) hits oc ToAATAOUC PWTOTOMNAATAAGIACTES TOU
Blou ontwxol otoyeiov. To @idtpo L1 anoutel tnv obpntwon dYo 1) nepto-
cotepwV hits ot SlapopeTinol puToToAATAUCLACTEC GTO (Blo 0TTXd GToLyElo
e éval ypovixd mopddupo 10 nsec (1 yopnhi oxédoon pwtdc ot tétol Yahdooto
Béin emitpéner adto To xEd Ypovixd Topddupo) xon hapBdvovTtag UTOPY Pu-
ToTOMAATAAGIAC TEC PE YwVio PETAE) TeV a€OVWY ToUg AYoTERT TV 90 [oLptY
(L2 oxavbahiopés). Emnhéov, epoppdleton éva giktpo xatediuvone, to onolo
yenotpornotel po odpwon tou oupavol (pe Brpa mepimou 10 polpdyv) xar o
uroTWépeVn xatebuvon Tou VETpivou, €10l WOTe Vo LVEEYOUY aUTIOhOYXE OL
xpovol petoll pa ogoupxc (xatonytopoc) 1 xukvdpixic (track) yeopetploc.
Téhog, epappoleton n analtnon Tovkdylotov 5 L1 mohpddv, odnyodvioc otny
onpavTr Pelworn TwY TUYUiwY CURTTOOE®Y YEYOVOT®wY LToBddpou.
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4.5 To NOYLOHXO AVAXTACHELVNG YEYOVOTWYV
JGandalf

AVO0 PEYIAEC XAACEIC YEYOVOTWY UTOPOUY VoL vy VwploYoly ot €va TAEoxO-
o VETPIVWY : Ta yeyovota TOnou tpoytds (track-like events) xou to yeyovoTa
TOnou xotaylopo (cascade-like events). Xty napoloo epyacio, WS TEOUVO-
pépUnxe, Yo emrevTPOUOURE TNV AVAXATAOXELY| YEYOVOTWY antd tracks. Té-
TOWL YEYOVOTO TORAYOVTOL omd JLLOVIA TOU OMjioupyolvTon 6Ty UAN péca 1
XOVTA OTOV ALY VEUTY| HEGW AAANAETULORACEWY PORTICIEVOU PEUIATOS VETEIVRDY
%o ovTVETPiVWY Tou [oviou xou tou T. To vetpivo Tou T mapdyel ovio HiE
mdavotnta 17%.

Midvia e evépyeteg peyartepeg tou 1 TeV propolv vo xdvouv ot-
OBPOPEC PTXOUC UEXETWV YLMOPETEWY X0l Vo EYOLY BlELVUVOY) OYEBOV GUVEU-
et pe ot Tou apyxo vetpivou. o v avoxataoxeur) g xotediuv-
omne Tou poviou (xon xatd avTIoToL o TOU VETPIVOL) YENOUIOTOLE(TOL OTNY €p-
yoota auth, o akyopripog JGandalf. I ™ peyiotonolnon tng mavotnTog,
0 TUEATNEOVHEVOS YWEOS X ¥eovoS Tou hit avicTouyel oe exmopmy @wtoc
Cherenkov and tnv avoxatacxeLacpévn Teoytd Tou |oviou. Mo apywxr emi-
hovt) ota hits expieTaAAedETAL TIC CUITTAOCELS TWY YEYOVOTWY GTOUS POTOTOA-
hamhaotaotég, pe oxond vo agorpedoly ta hits unofddpou. H avaxtaoxeun
e Teoytds Tou moviou Eexwd pe o yeoppxh tpoooppoyr (JPrefit [19]),
oaxohoutolpevn and Sodoyixd Brpata, xadéva ex TV omolwy yenotponolel
cav apyx6 onpuelo avapopds To meonyoLpevo Brpa. XTo Bripa tou JPrefit,
OedOPEVNG LG PLOVIXNG TEOYLAC, Eva GUCTNHO CUVTETAYHEVKY ITOREL VoL 0pLo-
tel, T€T0l0 WOTE, TO MOVIO Vo TadeVEL Xatd Tov dEova Twv z, daoylovtog
7o eninedo z=0 pe cUVTETAYHEVES T, Yo OFE YEOVo to. Me tnv anoucia oxé-
daong xau dudyuone pwtdc, urtoroyileton o avopevopevog yeovos (t;) dpiing
v Cherenkov @oToviwy 0T0V OTOTOAATAACLACTH %ol EXPEACETOL W :

fi=1ty+ ‘f +tan[9l.J%

o - 2w y 42
Pi = “\_.l' (X; —Xo)=+ (¥ —Yo)*

omou p; elvon 1 ENAYLOTN AMOCTACT, TEOCEYYLONS TOU LLOVIOU GTOV
POTOTOMNATAACIAOTH, Z; Elvol 1) AMOGTACT) TOU POTOTOMAATAACIACTH ot TO
eninedo z=0, c efvon 1 ToyOTNTA POTOC GTO HEVO XAl B 1) YoEAXTNELOTIXY YW Vi
Cherenkov.

AapBdvovtog unddy 6ha tar Lebyn Swadoyodv hits i,j To medBinpa
avayeton o€ €Toln emAUCLY eEl0WoN TVAXWY OTKG
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r2 I

£ 2 i ol Iy 2 2 ’ I, ol
£ —t; —2(t;—t; )t =xj —x; — 2(x; —x;:)xp
2 2 i -
+¥j =i —2(y; —Yi)Yo

t! =t;-c/tan(8:) —z;i/ tan (8;)

H yeappu npocoppoyy (linear fit) eivon evaiotntn oe anoxiioceic
a6 1o onTX6 LTOPBaYPo AOY K TOU 0K e Bogwtadyelag xou TV oxedaldpe-
VoV goToviwy. Me oxond va aropplpdoly yeyovota unofdidpeou, éva chpmieypa
outtotdv hits emdéyeton and ta dedopéva (data). T évav cuyxexpiévo
aprdpo avtiotoy hits, egoppoleton linear fit. H towdtnta tou linear fit tocotixo-
TolelToL e

Q = NDF—0.25 x (x> /NDF)

onou o NDF avagépeton otov apripd Bodnmy erevidepiog tou fit.

EEXVOVTOG ono T XAAUTERA TROCUPHOCHEVES XaTELVUVOELC Tou JP1-
efit, epeuvdton n péyiotn miavotnTa pe ) pédodo Levenberg-Marquardt xotd
v ornola ot aveZdptnTee napdpetpot (ypdvoe, andotacn xAn.) vrohoyilovio
ToUTOYEOVA. XE aUTO TO oMNpEio, N ATOXELON TWV POTOTOANATAACLIC TWOV EX-
ppdleton and éva 6UVOAO cuvapTHoEWY TuxvoTnTac mdavotntac (Probability
Density Functions - PDFs).

dP . .
E(pf- 6;,0;, At)

omou pi elvon 1 PxEOTERT ANOCTUOT TEOGEYYIONSC TOU Jloviou GTov
puToTolaTAAClo TN, 1, §; %ol @; ToEdpETEOL TOL EXPEALOUY TOV TEOCAUVITO-
Ao tou gwtonohhaniactacTh xou At 7 Slopoped HETOEY TOU AVOPEVOIEVOU
xat Tou PETENIEVTOC YEOVoUL APIENC TOU PKOTOC.

To obvoho twv PDFs unoloyileton npiovohutixd o pn oxedalopeva
1) mou €youv unocTel Jia oxédaon pwtovia Cherenkov xan amd tnv pelworn
evépyeLag Tou poviou (m.y oxtivoPfolia édnong). Le autd to Brpa, cuvunohoyi-
Covton T amoTEAECPATO BLUOTIORAC Hol XPAVTIXTG AmOBOCNE, YWV S ATod0Y g
X0l YPOVOU OLEAEUOTC TWV POTOTOAATAACLG TV, OTay TAEOV €xel UTONOYIO-
tel 1) TPoYLd TOL HLoViov, 1) EVERYELX TOU TREOCUPIOLETOL YENOLHOTOWWVTOS TNV
XATAVORY] TWV QPwToTOMAATAACIAcTGY Pe hits xou yweic hits. H mdavéotnta
EVog YwTomohhaniactacThc vo €yel hits amoxtdton ano Tig dieg PDFs nou
TpoavapépUnxay. ‘ONoL oL YWTOTOAMATAACIUC TES, NECU OF €Val TEOXAOPLOIEVO
and tov yphotn TAdtoc Stadpoptic (200-300 pétpa oe auth TV gpyaocia) YOpw
amo T TEOYLA TOU [oVIoU, YPNOUIOTOL00VTAL YLl VoL UTOAOYIG TEL 1) TdovoTNn T
Tov hits xo va ouyxpwel pe ta hits mou mpaypatonofUnxay. X1 cuvEyela
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e epyaciog Yo Topouclac Tel 1) TOLOTNTO AVAXATACKEUNS TEOYLWY [IE TO TAXETO
JGandalf, v tic SlopopeTinéc YeETPlEC TOL avLyVEUTY Tou PEAETHUMXALY
[18].

JPrefit

\

JSimplex

1

JGandalf

I

JEnergy

1

JEvt

|

Yy 4.4: To Brpata mou axohlovdolvtoaw oto maxéto JGandalf yia tnv
OVOXATOOXEVT] TNG TEOYLAC TWY JLOVIKY.



Kegpdhaio 5

Performance of the track
reconstruction

In order to test the performance of the track reconstruction, 10® neutrino
events were generated with energies from 100 GeV to 10® GeV for the stan-
dard and for each of the alternative KM3NeT-ARCA detector configura-
tions.

The different detector configurations are first compared in terms of
effective area. The effective area is a quantity that describes the capability
of a neutrino telescope to detect neutrinos from astrophysical sources. For
a certain astrophysical neutrino flux, it is related to the number of detected
events in a time interval by :

Nevents ddv
" = [ dEv—— A (E 1
T / Vg, (EY) (5:1)
where Ave// is the effective area, % is the astrophysical cosmic flux, T a

time interval and Nevents the number of detected events during the time

interval (T). The effective area gives an estimate of the ratio of the number

of reconstructed events (Nrec) to the number of generated events (Ngen) for

a given neutrino flux and is calculated by the following formula :
Nrec(Ev,0v)

AvI (Bv,0v) = WVgen* o(Ev)x pNaxexp(—o(Ev)pNaz(0))
(5.2)

where Vgen is the generation volume of the events, oNA is the target nucleon
density, N4 the Avogadro number, o(Ev) the neutrino cross section and z(9)
the neutrino path across the Earth in a direction 0.

Figure 5.1 shows the effective area as a function of the MonteCarlo
(MC) neutrino energy, for the detector configurations with distance between
the strings of 90 m (standard KM3NeT geometry), 120 m, 150 m and 180
m respectively.  From figure 5.1, one can be observe that as the distance

44



Effective Area [m?]

PR T T T T T T S N SN S ST S AN SO S S
7 8
Iongnu [GeV]

Figure 5.1: The effective area in m? versus logioE, GeV for the detector

configurations with 90 m (black), 120 m (green), 150 m (red), 180 m (blue)
distance between the strings.

between the detection units-strings increases, there is a significant increase
in the effective area for energies larger than 20 TeV. At the energy of interest
(1 PeV), there is an increase of 33% for the 120 m geometry, 58% for the 150
m geometry and 83% for the 180 m geometry with respect to the standard
KM3NeT geometry of 90 m. The increase rises with energy, as expected;
at 10 PeV energy there is an increase of 34% for the 120m geometry, 75%
for the 150 m geometry and 113% for the 180 m geometry compared to the
standard KM3NeT-ARCA geometry. As can be seen in figure 5.1, in the low
energy range (less than 20 TeV) there is a decrease in effective area for the
alternative geometries. Specifically, for the energy of 10 TeV there is a loss
of 11% for the 120 m geometry, of 12% for the 150 m geometry and of 18%
for the 180 m geometry compared to the standard KM3NeT geometry. For
these comparisons on MC events, the selection criterion used is that there
should be at least 5 OMs with L1s (trigger level condition) in order to be
able to make a track reconstruction.

The quality cuts adopted for track selection in KM3NeT, which
have been investigated in other analyses, were then added, in order to reject
badly reconstructed tracks. Specifically, the quality parameters are :

e the likelihood of the reconstructed tracks
e the likelihood divided by the number of hits related to the track

e the first error on the track parameters as :

T2+ T2 (5.3)
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e the second error on the track parameters as :
T? (5.4)

where Tx and Ty are the estimated uncertainties in the x and y direction
cosines. Similar to figure 5.1, figure 5.2 shows the effective area versus
logioF,, after the quality cuts of the JGandalf reconstruction, for each of
the detector geometries discussed.

Effective Area [m?]

W0°E v L L L L

l0g, s 1GeV]
Figure 5.2: The effective area in m? versus logioE, GeV with the recon-
struction quality cuts applied, for the detector configurations with 90 m
-standard geometry- (black), 120 m (green), 150 m (red), 180 m (blue) dis-
tance between the strings.

From figure 5.2, it can be observed that, there is also - as expected
- a significant increase in the effective area, above energies of 50 TeV. At
the energy of interest (1 PeV), there is an increase of 32% for the 120 m
geometry, 69% for the 150 m geometry and 97% for the 180 m geometry with
respect to the standard KM3NeT geometry of 90 m. The increase rises with
energy, as it can be seen; at 10 PeV energy the increase is 33% for the 120m
geometry, 76% for the 150 m geometry and 114% for the 180 m geometry.
In figure 5.2, a reduction of the effective area in the low energy range (with
energies roughly less than 50 TeV) can be observed as most events in this
energy regime fail to satisfy the JGandalf quality cuts that are not tuned for
alternative detector geometries. No attempt has been made here to tune the
quality cuts applied as it works fine for the high energy regime (E> 17TeV')
in which we are interested.

The efficiency and the quality of the selected events after the recon-
struction are shown in figures 5.3 and 5.4. The efficiency is defined as the
ratio of the reconstructed events after the selection cuts to the simulated
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events. The quality of the reconstruction is the ratio of the well recon-
structed events to all reconstructed events satisfying the selection criteria.
The events are referred to as well reconstructed if the difference between the
reconstructed and the simulated track direction is less or equal to 1 degree
(AQ < 19).

One can observe that, the efficiency at 1 PeV is 63% for the stan-
dard detector and for the alternative geometries of 120 m and 150 m whereas
for the geometry of 180 m it drops to 60%. At higher energies (10 PeV),
there is a small increase of 2% for the standard geometry, of 8% for the
120 m and 150 m geometries and finally at 11% for the 180 m geometry
comparing to the efficiencies at 1 PeV. For lower energies, due to the quality
cuts of the reconstruction (as discussed previously), we can see a decrease
in efficiency especially for the larger geometries. Specifically, the efficiency
at 100 TeV is 59% for the standard KM3NeT-ARCA geometry and for the
alternative geometries it drops to 56% for the 120 m, 52% for the 150 m
and 48% for the 180 m. The efficiency at 10 TeV is 49% for the standard
geometry and it drops to 43% for the 120 m, to 35% for the 150 m and to
31% for the 180 m alternative geometry.

At the energy of 1 PeV, the quality of the reconstruction is 99% for
the standard geometry and the geometry of 120 m distance, 98% for the 150
m geometry and 97% for the 180 m geometry. At this point, it should be
noted that, for the standard KM3NeT-ARCA geometry and the alternative
geometry of 120 m, the quality decreases with increasing energy and reaches
97.5%, 98.5% respectively, whereas for the alternative geometry of 150 m it
stays stable and for the alternative geometry of 180 m it increases at 98%.
For energies lower than 800 TeV, the quality decreases for the alternative
geometries (but remains larger than 88% for energies above 10 TeV), while
the quality of the standard KM3NeT-ARCA detector is at its peak of 100%.
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Figure 5.3: The efficiency versus logigF, GeV for the detector configurations
with 90 m (black), 120 m (green), 150 m (red), 180 m (blue) distance between
the strings.
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Figure 5.4: The quality versus logigFE, GeV for the detector configurations
with 90 m (black), 120 m (green), 150 m (red), 180 m (blue) distance between
the strings. The plot is zoomed in order to enable the identification of the
quality differences.
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In order to investigate whether this decrease of the quality of the
reconstruction at very high energies is due to tracks far from the instru-
mented volume, the quality and for completion the efficiency are checked
for tracks crossing the detector and are presented in figures 5.5 and 5.6.
The efficiency reaches 65% for the standard geometry, 63% for the 120 m
and 150 m geometries and 59% for the 180 m geometry at the energy of 1
PeV. At 10 PeV, the efficiency is 72% for the standard geometry, 70 % for
the 120 m and 150 m geometries and 68% for the 180 m geometry. At low
energies (100 TeV), the efficiency drops to 62% for the standard KM3NeT-
ARCA geometry and for the alternative geometries drops to 59% for the 120
m, 55% for the 150 m and 49% for the 180 m.

The quality for events with energies of 1 PeV, remains the same
with the events without the restriction of crossing the detector for all geome-
tries discussed and for events with energies of 10 PeV, the quality reaches
98% practically for every geometry. The quality at 100 TeV energy for the
standard KM3NeT-ARCA geometry is at its peak of 99% whereas for the al-
ternative geometries is 98,5% for the 120 m, 96,5% for the 150 m and 93,8%
for the 180 m string distance. Additionally, for 10 TeV energy the quality
of the standard KM3NeT-ARCA detector is 98% where for the alternative
geometries drops to 95% for the 120 m, to 91% for the 150 m and to 85.5%
for the 180 m.

Efficiency
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O‘Béi M
07E] e e sna= =St Shl
E ,_I_¢ E =
0 {ﬂ%ﬂﬁﬁqﬁ
05E ++ [ :£$+
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E- }
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05\\j\\\\\\\\\\\\\\\\\\\\\\\
4 5 6 8
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Figure 5.5: The efficiency versus logigF, GeV for the detector configurations
with 90 m (black), 120 m (green), 150 m (red), 180 m (blue) distance between
the strings using events that cross the detector.
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Figure 5.6: The quality versus logigF, GeV for the detector configurations
with 90 m (black), 120 m (green), 150 m (red), 180 m (blue) distance between
the strings using events that cross the detector. The plot is zoomed in order
to enable the identification of the quality differences.

In order to test the performance of the different detector config-
urations, the medians of the difference between the reconstructed and the
simulated track direction (diffangle or AQ) as a function of the MC muon
energy and the zenith angle, are compared in figures 5.7 and 5.8 respectively.
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Figure 5.7: The median of the difference between the reconstructed and the
simulated track direction (AQ) as a function of the MC muon energy for
the 90 m (black), 120 m (green), 150 m (red) and 180 m (blue) geometries.
The plot is shown zoomed in order to facilitate the comparison.
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Figure 5.8: The median of the difference between the reconstructed and
the simulated track direction (Af2) as a function of the MC muon zenith
angle for the 90 m (black), 120 m (green), 150 m (red) and 180 m (blue)
geometries. The plot is shown zoomed in order to facilitate the comparison.

The median of A2 reaches the desirable 0.1° for energies greater than 1
TeV for the 90 m geometry and for energies greater than 6 TeV for the
alternative geometries. A very good angular resolution is achieved in the
very high energy regime with a median of 0.06° for the 90 m and 120 m
geometries, a median of 0.075° for the 150 m geometry and a median of
0.09° for the 180 m geometry, at the energy range of interest (above 1
PeV). For muon energies above 50 PeV the calculation of the median is
dominated by limited statistics. From figure 5.8, it can be observed that an
excellent angular resolution (less than 0.1°) can be achieved for the zenith
angle range of 65° to 115° for all the geometries tested. For vertical tracks
the angular resolution deteriorates due to the limited height of the detector,
as expected, however it is still better than 0.26°. It is important to note that
for the standard KM3NeT geometry, the angular resolution seems almost
independent of the zenith angle, in contrast with the alternative geometries
where at low zenith angles (less than 60°) and high zenith angles (more than
120°) there is a strong effect and the median of the AQ reaches its highest
values (0.23° to 0.26).

Furthermore, the energy resolution is investigated. In figure 5.9
and 5.10 the medians of the difference between the reconstructed energy
and the simulated energy of the muon are shown as a function of muon
energy and zenith angle respectively.

o1



o
~

10 Teco " Iong"‘“
o
o N
I [T

Median of log_E,
s
N

vy,
-0.6— R
IS T [ ST S SN T ST SR O AN SY SO ST N | L

——— 4
Iongm [GeV]

Figure 5.9: The median of the difference between the reconstructed energy
and the simulated energy of the muon as a function of the muon energy for
the 90 m (black), 120 m (green), 150 m (red) and 180 m (blue) geometries.
The plot is shown zoomed in order to facilitate the comparison.
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Figure 5.10: The median of the difference between the reconstructed energy
and the simulated energy of the muon as a function of the zenith angle for
the 90 m (black), 120 m (green), 150 m (red) and 180 m (blue) geometries.
The plot is shown zoomed in order to facilitate the comparison.

In figure 5.9, it is observed that the median of the difference between the re-
constructed energy and the simulated energy of the muon has a dependence
on the "true”- MC muon energy. For all the geometries the performance
is shown (90m with black, 20 m with light green, 150 m with red and 80
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m with blue). For low energies (E< 6 TeV) there is a significant difference
between the reconstructed and true muon energy but as the muon energy
is increased the reconstructed energy tends to be underestimated, with the
maximum difference of 60% at energies above 10 PeV. This is expected and
it reflects the limited size of the instrumented volume. These observations
apply to every geometry tested and it seems that there is no dependence
as the distance between the strings is changed. In figure 5.10, the energy
resolution is shown as a function of the MC muon zenith angle and a depen-
dence on the distance between the strings of the detector is clearly visible.
The median of the energy difference gets better as the distance between
the strings gets smaller. For the geometry of 90 m the median fluctuates
between the values of -0.22 to -0.1, while for the geometry of 180 m the
median fluctuates between the values of -0.45 to -0.3. The negative values
mean that the reconstructed energy is underestimated comparing with the
true muon energy.

In previous analyses of the KM3NeT collaboration, the underes-
timation of the reconstructed energy was investigated for the KM3NeT-
ARCA standard geometry. As a result, two different corrections on the
reconstructed energy have been introduced. At first, neutrino events were
reweighted to the E~2 energy spectrum and to the atmospheric flux spec-
trum. There were also atmospheric muon events considered in order to
calculate and plot the medians of the MC muon energy as a function of the
reconstructed energy. Then, for each energy interval of the reconstructed
muon energy, a fitting was applied on the medians and a correction has
been constructed and applied to the reconstructed energy. The second cor-
rection applied, was also made using weighted to E~2 neutrino events, as
well as atmospheric neutrino and muon events. From the JEnergy part of
the reconstruction, the reconstructed energy at the hit barycenter of the
track of the muon is known and the MC muon energy at the can of the
detector are known. The distance of the hit barycenter and the point at
the can from which the muon passed is calculated. Using the Bethe-Bloch
formula, a correction at the reconstructed energy of a muon has been calcu-
lated and adopted at the point where the muon’s track intersects the can.
In figure 5.11, the reconstructed energy before any correction is shown as
a function of the MC muon energy while in figures 5.12 and 5.13, the cor-
rected reconstructed energy is shown as a function of the MC muon energy,
for the two different corrections. From figure 5.13 one can observe that the
reconstructed energy is underestimated by 10% for all muon energies.
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Figure 5.11: The reconstructed energy as a function of the MC muon energy
for the standard KM3NeT geometry.
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Figure 5.12: The reconstructed energy after applying the correction de-
scribed in the text as a function of the MC muon energy for the standard
KM3NeT geometry.
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Figure 5.13: The reconstructed energy after applying the correction with
respect to the can as described in the text as a function of the MC muon
energy for the standard KM3NeT geometry.

In order to better understand the effectiveness of the correction in
the reconstructed energy, the difference between the reconstructed energy
and the MC muon energy as a function of the MC muon energy is presented
before and after the two different corrections in figures 5.14, 5.15 and 5.16.

Figure 5.14: The difference between the reconstructed energy and the MC
muon energy as a function of the MC muon energy for the standard KM3NeT
geometry.
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Figure 5.15: The difference between the corrected reconstructed energy and

the MC muon energy as a function of the MC muon energy for the standard
KM3NeT geometry.
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Figure 5.16: The difference between the reconstructed energy after the can

correction and the MC muon energy as a function of the MC muon energy
for the standard KM3NeT geometry.
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Figures 5.17 and 5.18 show the energy resolution obtained af-
ter applying the corrections in the reconstructed energy for the standard
KM3NeT-ARCA geometry. In the left plots of figures 5.17 and 5.18, the en-
ergy resolution is shown for all reconstructed events with E > 10TeV whereas
in the right plots the energy resolution is shown for all reconstructed events
with E > 100TeV. In figure 5.17, one can observe that the energy resolution
is 18% for E > 10TeV and 17% for E > 100TeV and that there is a shift
of 4.1% and of 4.7% respectively. For completion, in figure 5.18, one can
observe that the energy resolution is 19% for E > 10TeV with a shift of 8.9%
and 18% for E > 100TeV with a shift of 7.5%.
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Figure 5.17: The energy resolution after the correction for all reconstructed
events with E > 10TeV (left) and with E > 100TeV (right) for the standard
KM3NeT-ARCA geometry. The y axis is in arbitrary units.
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Figure 5.18: The energy resolution after the can correction for all recon-
structed events with E > 10TeV (left) and with E > 100TeV (right) for the
standard KM3NeT-ARCA geometry. The y axis is in arbitrary units.

Similar corrections should also be made for the alternative geome-
tries of the KM3NeT-ARCA detector as can be seen in the left plots of the
figures 5.22, 5.24 and 5.26, where the reconstructed energy as a function
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of the MC muon energy is shown. For the purposes of this analysis, an
energy correction was therefore made for each of the alternative geometries.
It was decided that, the correction should be made to unweighted events,
in order to avoid bias that might alter the results. Firstly, the means of the
MC muon energy (with their error bars) were calculated and plotted as a
function of the reconstructed energy. The reconstructed energy was divided
in bins/intervals. For the events of each bin of the reconstructed energy, the
mean of the MC muon energy and the 1 o dispersion was plotted. A fitting
procedure was used and the correction function of the reconstructed energy
was constructed to be applied to the reconstructed muon energy. The cor-
rection functions are shown in figures 5.19, 5.20 and 5.21, where the MC
muon energy is presented as a function of the reconstructed energy. As a
result, the effect of this correction can be seen on the right plots of figures
5.22, 5.24 and 5.26, where the corrected reconstructed energy is shown as a
function of the MC muon energy for every alternative geometry discussed.
For completeness, the difference between the reconstructed energy (before
and after the correction) and the MC muon energy as a function of the MC
muon energy is presented for each of the alternative geometries, in figures
5.23, 5.25 and 5.27. There is an artificial effect at low energies (E < 800GeV)
and at really high energies (E > 80PeV) - as can be seen in figures 5.23,
5.25 and 5.27 - because of the constant value of the corrected energy that
we applied at these energy regions.
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Figure 5.19: The correction function as applied for the 120m alternative
geometry. The MC muon energy is shown as a function of the reconstructed
energy.
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Figure 5.20: The correction function as applied for the 150m alternative
geometry. The MC muon energy is shown as a function of the reconstructed
energy.
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Figure 5.21: The correction function as applied for the 180m alternative
geometry. The MC muon energy is shown as a function of the reconstructed
energy.
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Figure 5.22: The reconstructed energy (left plot) and the corrected recon-
structed energy (right plot) as a function of the true muon energy for the
alternative KM3NeT geometry of 120 m distance between the strings.
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Figure 5.23: The difference of the reconstructed energy (left plot) and the
corrected reconstructed energy (right plot) with the MC muon energy as a
function of the MC muon energy for the alternative KM3NeT geometry of
120 m distance between the strings.
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Figure 5.24: The reconstructed energy (left plot) and the corrected recon-
structed energy (right plot) as a function of the true muon energy for the
alternative KM3NeT geometry of 150 m distance between the strings.
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Figure 5.25: The difference of the reconstructed energy (left plot) and the
corrected reconstructed energy (right plot) with the MC muon energy as a
function of the MC muon energy for the alternative KM3NeT geometry of
150 m distance between the strings.
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Figure 5.26: The reconstructed energy (left plot) and the corrected recon-
structed energy (right plot) as a function of the true muon energy for the
alternative KM3NeT geometry of 180 m distance between the strings.
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Figure 5.27: The difference of the reconstructed energy (left plot) and the
corrected reconstructed energy (right plot) with the MC muon energy as a
function of the MC muon energy for the alternative KM3NeT geometry of
180 m distance between the strings.
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Figures 5.28, 5.29 and 5.30 show the energy resolution of the recon-
structed energy after applying these corrections for the alternative KM3NeT-
ARCA geometries with distance between the strings of 120 m, 150m and 180
m respectively.
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Figure 5.28: The energy resolution after the correction for all reconstructed
events with E > 10TeV (left) and with E > 100TeV (right) for the alternative
KM3NeT-ARCA geometry with 120 m distance between the strings. The y
axis is in arbitrary units.
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Figure 5.29: The energy resolution after the correction for all reconstructed
events with E > 10TeV (left) and with E > 100TeV (right) for the alternative
KM3NeT-ARCA geometry with 150 m distance between the strings. The y
axis is in arbitrary units.
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Figure 5.30: The energy resolution after the correction for all reconstructed
events with E > 10TeV (left) and with E > 100TeV (right) for the alternative
KM3NeT-ARCA geometry with 180 m distance between the strings.

After applying the correction in the reconstructed energy, an ex-
cellent energy resolution of 0.17 for E > 10TeV and of 0.16 for E > 10TeV is
obtained for the alternative KM3NeT-ARCA geometries investigated here.
There is a slight underestimation of the reconstructed energy of 4-5% for
all the alternative geometries as it can also be observed from the figures of
the reconstructed energy as a function of the true muon energy. Comparing
with figures 5.17 and 5.18 for the standard KM3NeT-ARCA geometry, an
energy resolution of 0.18 for E > 10TeV and 0.17 for E > 100TeV is observed
for the first correction in reconstructed energy and the reconstructed energy
is also underestimating the true energy by 4% and 5% respectively for the
energies shown.
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To conclude, in figures 5.31 and 5.32, the medians of the difference
between the corrected reconstructed energy and the true muon energy are
shown, as a function of the true muon energy and as a function of the zenith
angle, respectively. The performance of the standard KM3NeT-ARCA ge-
ometry with the first correction is shown with black, with the can correction
is shown with light blue and the alternative geometry with 120 m is shown
with light green, with 150 m with red and with 180 m with blue. Comparing
to figure 5.9, in figure 5.28, the improvement is easily noticeable, especially
for the standard KM3NeT geometry where the median is close to zero for
the range of 1 TeV to 10 PeV. Respectively, the alternative geometries follow
the performance of the standard KM3NeT geometry for the range of E > 6
TeV.

Comparing figure 5.32 to figure 5.10, a significant improvement can
be observed after applying the correction to the reconstructed energy. There
is still a dependence of the energy median on the zenith angle. The median
for the standard KM3NeT geometry with the correction on the can shows an
almost linear decrease with increasing muon energy, indicating that better
understanding of the energy correction applying this method is needed. The
first energy correction for the standard KM3NeT geometry, shows a better
performance as the logarithm of the muon energy is underestimated between
5% to 10% as can be seen in figure 5.23. Also for the alternative geometries,
a significant improvement is achieved when applying the correction for the
reconstructed energy as their medians range from 0.05 to -0.06.
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Figure 5.31: The median of the difference between the corrected recon-
structed energy and the simulated energy of the muon as a function of the
true muon energy for the 90 m (black and light blue), 120 m (green), 150 m
(red) and 180 m (blue) geometries. The plot is shown zoomed in order to
facilitate the comparison.
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Figure 5.32: The median of the difference between the corrected recon-
structed energy and the simulated energy of the muon as a function of the
muon zenith angle for the 90 m (black and light blue), 120 m (green), 150
m (red) and 180 m (blue) geometries.
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Kegpdhaio 6

Sensitivity and Discovery
Potential

The aim of the KM3NeT project is to search for high energy neutrinos
of astrophysical origin. The detector’s sensitivity to a neutrino signal and
the potential for a discovery of extraterrestrial neutrinos are investigated
using Monte Carlo simulations and the corresponding results are presented in
this chapter for the standard KM3NeT-ARCA detector and the alternative
KM3NeT-ARCA configurations, that were studied in this thesis.

The ”binned” and the ”unbinned” approaches are the main statis-
tical methods used to search for a neutrino signal among background events
and to calculate the sensitivity and the discovery potential of a detector.
These approaches use the probability density functions (pdf) of the signal
and background events in different ways [23]. The ”binned” approach sepa-
rates the energy distribution of the signal and background events in several
bins and searches for an excess of signal over background events in each
bin. In this way, all the events are either classified as events that pass the
selection and are counted or as events that fail to pass the selection and are
neglected. This results in a possible loss of signal events and consequently
the loss of information that is contained in the event distribution and could
indicate a relative agreement of the event with the signal or background
hypothesis. Moreover, the selection that optimizes the sensitivity can gen-
erally be different than the selection that optimizes the discovery potential
thus leading to a necessary sacrifice of one for the other. In order to over-
come these problems, the ”unbinned” approach for the calculation of the
sensitivity and discovery potential can be used [22]. This approach takes
full advantage of the shape of the pdf for signal and background, while it
determines the relative contribution of the signal and background hypoth-
esis to each event. Although this approach is more precise, it requires a
significantly higher computing time. The ”binned” method is used for the
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calculation of the sensitivity and the discovery potential for the standard
and alternative KM3NeT-ARCA detectors discussed previously.

6.1 Sensitivity

The sensitivity of the detector to a neutrino signal refers to the theoretical
neutrino flux that can be excluded at a certain confidence level (e.g. 90%)
if no neutrino signal is detected. A method for the unbiased sensitivity
optimization for an analysis has been proposed by Feldman and Cousins
[21]. This method was historically developed for experiments searching for
neutrino oscillations and avoids non-physical confidence intervals in contrast
to the classical constructions for upper limits [23].

The sensitivity of an experiment is determined by Monte-Carlo
simulations and is independent from the experimental data of a neutrino
telescope. The theoretical source flux, ®(E,9), is convoluted with the de-
tector’s response and after the analysis cuts yields a number of events ng,
expected for the flux. The expected background for the same analysis and
cuts is ny. The experiment is performed and ng,s events are seen. In the
experiment, the 90% confidence interval is :

190 (Tobs s Tb) (6.1)

The corresponding upper limit on the source spectrum ®(E,}) (sensitivity
flux) is found by scaling the source flux by the ratio of the upper limit to
the signal expectation [2].

O(E,0)90% = ‘I)(Eﬁ)w (6.2)
S

In this study, the sensitivity flux, ®ggy, is computed at 90% confidence
level but it is possible to calculate it at other levels of confidence by com-
puting the average maximum limits at these confidence levels. The ratio
190 (Tobs, My ) /M is called the Model Rejection Factor (MRF) and the opti-
mal selection of cuts corresponds to the one that minimizes the MRF and
sets the strongest constraint on the theoretically expected signal flux.
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6.2 Discovery Potential

The discovery potential refers to the minimum number of events needed
to be observed with a very small p-value. The p-value is used to provide
the smallest level of significance at which the background only hypothesis
would be rejected. The smaller the p- value, the stronger the evidence is
in favor of the signal hypothesis resulting in a very small probability that
these events originate purely from background fluctuations. Given that the
background follows a Gaussian distribution, we consider a discovery if the
minimum number of observed events, n,s, corresponds to a p-value:

P(> ngps| (mp)) < « (6.3)

where o = 5.73 - 1077 is the area in the two-sided Gaussian tails beyond 56
and (np) is the expected number of background events. When a signal flux
® is also taken into account,the probability to observe n.,s events and claim
a discovery considering both the signal and background distributions is :

P(Z nobs| <ns> + <nb>) <« (6.4)

This probability represents the statistical power 1-3 of the discovery poten-
tial calculation, while (8 is the false negative rate that refers to the failure
to discover something that is present. As the statistical power increases the
chances of a false negative rate are decreasing. Then, the minimum number
of detected events nﬁ;%CL that leads to p-value less than a(yo) in a fraction
of 1-8 of the experiments can be determined. The ni{,%CL depends only on
the expected number of background events (np). The minimum number of
detected events with a significance of 56 at a confidence level of 50% n20%¢ "
will be calculated in this study.

Given the theoretical signal flux which results to a mean
number of signal events (ng), the signal flux &5, is calculated with a 5o

significance at a confidence level of 50% as :

theoretical
<I)5(7

)

theoretical V5
@50_ — @50607'6 1Ca. g (65)

Ns

where the ratio n22%CL((n,))/ns is called the Model Discovery Potential

(MDP). The selection of cuts that minimize the MDP, minimizes the sig-
nal flux @5, that is required to obtain an observation without any original
assumption of the signal scale.
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6.3 Sensitivity and discovery potential for the stan-
dard KM3NeT-ARCA detector and the alter-
native geometries

In this section, the sensitivity and discovery potential for 1 year of operation
of the standard and the alternative KM3NeT-ARCA detectors with 2 blocks
are calculated. The astrophysical neutrino flux ®(E,) used in the Letter of
Intent (Lol [19]) of the KM3NeT Collaboration follows from the assump-
tion that the IceCube signal originates from an isotropic, flavor-symmetric
neutrino flux following a power law spectrum with a cut-off at a few PeV.
The cutoff -or a steeper spectrum- is implied by the first observations of
events with a deposited energy exceeding 1 PeV and the absence of events
at about 6.3 PeV associated with the Glashow resonance. The single flavor
energy spectrum with the cutoff at 3 PeV has been parametrized as :

®(E,)=12-10"8- (152‘/)72 : exp(%)[GeVﬁlsrﬂs*lcm*Q] (6.6)
where E,, is the neutrino energy in GeV. The IceCube collaboration has re-
ported solid evidence for an extraterrestrial flux of high energy neutrinos,
performing a search for neutrino events with deposited energies greater than
30 TeV and interaction vertex inside the instrumented volume [11]. Assum-
ing this neutrino flux to be isotropic and to consist of equal flavors at Earth,
the single flavor spectrum with neutrino energies between 2.8 TeV and 25
PeV is well described by an unbroken power law with best-fit spectral index
-2.50 £0.09 and a flux at 100 TeV parametrized as :

Ey,

O(E,)=22-10718. (—~
(Ev) 0 (100T6V

)7 23(GeV tsr s Tlem ™) (6.7)
where E, is the neutrino energy in GeV. The calculations of the sensitivity
and discovery potential for each of the geometries discussed were repeated
also for this flux.

Concerning the background, only atmospheric muon neutrinos (and
anti-neutrinos) were assumed as the detector’s background since they cor-
respond to the irreducible background that mainly affects the calculations
for the sensitivity and discovery potential, while the atmospheric muons
were not considered as their contribution in the final event sample can be
neglected in a first approximation. The flux of atmospheric neutrinos cor-
responds to the Honda flux with a prompt component as calculated by
Enberg. The prompt component is assumed to be isotropic in the full solid
angle while the Honda parameterization includes an anisotropy due to the
magnetic field of the Earth.

Although this study does not take into account the background
events coming from atmospheric muons in the calculation of the sensitivity
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and the discovery potential, the conditions that reject atmospheric muons
have been considered in order to get a realistic estimate of these quantities.
To reject atmospheric muons, the Earth can be used as a shield that absorbs
muons that come below the horizon while neutrinos can cross the Earth
unaffected. The sensitivity and discovery potential have thus been calculated
both for tracks with reconstructed zenith angle all over 2r and separately for
upgoing and horizontal tracks with reconstructed angle, 9,cc, less than 100°
(corresponding to reconstructed zenith angle greater than 80°?) in order to
suppress the contribution of atmospheric muons. Nevertheless, atmospheric
muons that have been mis-reconstructed may survive this selection. The
events have been reconstructed with the JGandalf reconstruction algorithms
and have survived the quality cuts, that were applied also for the analysis
of the previous chapter, in order to consider events for which the track
direction has been reliably reconstructed. In this way, we avoid taking into
account poorly reconstructed events and specifically atmospheric muons that
are reconstructed as upgoing (with reconstructed zenith angle greater than
80°).
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6.4 Comparison between the different geometries
of the KM3NeT-ARCA detector

To facilitate the comparison between the different geometries of the KM3NeT-
ARCA detector, we present the reconstructed muon energy (after the correc-

tion) at which the Model Rejection Factor (MRF) and the Model Discovery

Potential (MDP) are minimized, as well as the points of minimization in

tables 6.1 and 6.3 for the astrophysical neutrino flux used in the Lol and

for the astrophysical neutrino flux used by the IceCube respectively. The

sensitivity and the discovery potential are reported in tables 6.2 and 6.4 for

the two fluxes studied respectively.

ﬂreco MRF MDP Vsig | Vatm
9o I
0° - 100°]| 0.778 at E,eco=10"1GeV | 2.314 at E,.co=10"1GeV [9.49]12.70
0° - 100°]]0.838 at Ercco.can=10""GeV[2.506 at E,cco.can=10"GeV]8.80[12.63
120 m
10°- 100°] 0.642 at E,eo=10>"GeV | 1.897 at E,eeo,=10"GeV [9.49]12.70

00 - 1000[0:385 at E,cco=10"2GeV| 1.758 at E,eco=10"2GeV [14.01]16.05
[0°-100°) "0 586 at E,.u=107GeV |1.739 at E..,=10%GeV]17.1525.85

180 m
[0° - 100°]] 0.553 at E,eco=10""GeV | 1.630 at E,c,=10">GeV [13.93]|13.96

Table 6.1: The reconstructed muon energy at which the Model Rejection
Factor (MRF) and the Model Discovery Potential (MDP) are minimized and
the points of minimization using the astrophysical neutrino flux used for the
Lol, for the different KM3NeT-ARCA detectors studied, are reported. The
number of signal and background events at these points are calculated.
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Oreco | Poo[GeV ~Lsrts~lem 2] @5, [GeV ~Lsr—tslem 2]

=900 m

0° - 100° 0.934-10~° 2.777-107°

0° - 100° 1.006-10~° 3.007-10—°
“T20 m

[0° - 100° 0.770-10~° 2.276-107°
~150 m

—8 —8

o100 G0 2087103

[0° - 100°] 0.664-10~° | 1.956-10~°

Table 6.2: The sensitivity and the discovery potential for 1 year of operation
of the different KM3NeT-ARCA detectors studied with 2 blocks using the
astrophysical neutrino flux used for the Lol.
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MRF I MDP I Vsig I Vatm

’ﬂT’GCO

0° - 100°]] 0.587 at E,eco=10*°GeV | 1.708 at E,eco=10*°GeV [35.93]131.31

0° - 100°]]0.604 at E,eco.can=10%1GeV|1.762 at E,cco can=10*"GeV|81.13|760.70
~ 120 m

[0° - 100°

0.487 at E,..,=10*°GeV| 1.434 at E,c.o0=10*°GeV [49.11}172.23
—=10**GeV ]1.426 at E,..,=10**GeV]73.60]1404.73

N—
(@n}
o
e}
(an}
o

=
3!

[0° - 100°]] 0457 at Breep—1077GeV_| 1.332 at Free—101"GeV_|5L43]166.15

50.29]137.20

0.428 at E,..,=10*3GeV| 1.262 at E,c.,=10*°GeV
62.41]220.10

0.431 at E,eco=10*"GeV [1.259 at E,..,=10*"GeV

[0° - 100°

~—

Table 6.3: The reconstructed muon energy at which the Model Rejection
Factor (MRF) and the Model Discovery Potential (MDP) are minimized
and the points of minimization using the IceCube astrophysical neutrino
flux, for the different KM3NeT-ARCA detectors studied, are reported. The
number of signal and background events at these points are calculated.

0° - 100° 1.291-10~ 18 2.220-10~18

02 - 100° 1.329-10 1% 3.876-10 18
120 m

1.071-10° 18 3.155-10~18

(02 - 1007) 1.078-10~18 3.137.10~18

0° - 100° 1.005-10~18 2.930-10~18

0.942-10 18 | 2.776-1018

[0 - 100°) 0.948.10~18 2.770-107 18

Table 6.4: The sensitivity and the discovery potential for 1 year of operation
of the different KM3NeT-ARCA detectors studied with 2 blocks using the
IceCube astrophysical neutrino flux.
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There are some general observations made, during the sensitivity
and discovery potential analysis. Firstly, it is shown that for the same en-
ergy cut using the reconstructed muon energy, a small increase is observed
to the number of signal events compared to using the MC muon energy
( with a fluctuation of a maximum 10%). However there is a significant
increase of background events (atmospheric neutrino events) using the re-
constructed muon energy instead of the MC muon energy which can rise to
50%. It is also shown that as the detector configuration increases in size, the
MRF and MDP are decreasing, leading to better sensitivity and discovery
potential estimations for the larger geometries. It is expected that the re-
quired sensitivity for both fluxes investigated in the analysis will be reached
well before the first year of operation. For the results using the Lol flux,
with the reconstruction used for the analysis of this thesis, we can see that
for the standard KM3NeT-ARCA detector of 2 building blocks a discovery
of 5o with 50% probability can be achieved in about 4.3 years. Using the
largest configuration for the same flux, a discovery can be achieved in al-
most 2.5 years as can be seen from the figure 6.1. Concerning the discovery
potential using the IceCube flux, it can be seen that using the 180 m al-
ternative KM3NeT-ARCA detector a discovery of 56 with 50% probability
can be achieved in 37% less time than using the standard KM3NeT-ARCA
detector. Specifically, with the 180 m alternative KM3NeT-ARCA detector
a discovery can be achieved in 1.7 years while with the standard KM3NeT-
ARCA detector it can be achieved in 2.7 years.
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Figure 6.1: The discovery potential as a function of the observation years
using the Lol flux. The estimation of the discovery potential is represented
with black for the standard KM3NeT geometry, with green for the 120 m
alternative geometry, with red for the 150 m alternative geometry and with
blue for the 180 m alternative geometry.
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Figure 6.2: The discovery potential as a function of the observation years
using the IceCube flux. The estimation of te discovery potential is repre-
sented with black for the standard KM3NeT geometry, with green for the
120 m alternative geometry, with red for the 150 m alternative geometry
and with blue for the 180 m alternative geometry.
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Kegpdhaio 7

Validation of the
reconstruction performance

and verification of the results
(using the latest JPP
package)

During this analysis, a new JPP package version was released. The need for
a new version came after locating some inconsistencies (to the previous ver-
sions) concerning the angular and/or the energy resolution. An example is
shown in figure 7.1 for the energy resolution (left plot obtained using the JPP
version 6.1.5592) where there is a ”gap” of events with E> 1 PeV and the
angular resolution (right plot using the JPP version 8.0.7290) which is worse
than the official one (AQ < 1° at 500 TeV). To avoid potential influence of
these inconsistencies on our analysis, it was decided to use the latest, most
stable version at the time of the analysis (JPP version 4.0.4190) as shown
in figure 7.2. We have therefore used this stable version for which these
problems did not occur to perform the comparisons of the different detec-
tor configurations. Since these problems have been identified and corrected
leading to a new JPP release, it is important to validate the reconstruction
performance for this new release and to verify that the results presented
in the previous chapters are consistent with an analysis performed using
the latest Jpp version. In this chapter, the newest version (at the time of
writing) 8.2.7878 of the JPP package is compared to the previous stable
version 4.0.4190 for the 150 m alternative KM3NeT-ARCA detector which
was decided to be the most efficient one for the purposes of this analysis.
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Figure 7.1: The difference of the reconstructed energy with the MC muon
energy as a function of the MC muon energy (left plot) and the angular
resolution as a function of the MC muon energy (right plot) are shown for
the JPP package versions 6.1.5592 and 8.0.7290 respectively.
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Figure 7.2: The difference of the reconstructed energy with the MC muon
energy as a function of the MC muon energy (left plot) and the angular
resolution as a function of the MC muon energy (right plot) are shown for
JPP package version 4.0.4190.

77



Firstly the performance of the track reconstruction was checked
following the steps described in chapter 5. The effective area is shown in
figure 7.3 as a function of the MC muon energy for the 150 m alternative
geometry using the old stable version (4.0.4190) and the newest stable ver-
sion ( 8.2.7878 at the time of writing). The performance of the old version
is shown with the red line and the performance of the new version is shown
with the purple line. One can observe that for E < 20 TeV there is an
underestimation of the effective area by 8% to 30% at low energies (E < 800
GeV) with the newest version comparing to the old one. The newest ver-
sion provides us with more realistic results due to new information on the
triggering and the PMT response (from the data obtained from the first
deployed strings) that are applied to the MC calculations. The difference of
the reconstructed and the MC muon track direction (AS) is shown in figure
7.4 for both JPP versions used. The color code remains the same. There
is also a disagreement between the performance of the JPP versions coming
from the more realistic results obtained with the new JPP version.
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Figure 7.3: The effective area in m? versus logioE, GeV for the 150 m
alternative KM3NeT-ARCA detector configuration using the JPP version
8.2.7878 (purple) and 4.0.4190 (red).

78



o
w

<
I
3

wAHH‘HH‘HH‘HH‘HH‘HH

Median of angle difference [deg]
o
N

o
=
<

0.

o

0.05

| | | [ IR |
8
log ,Emu [GeV]

Figure 7.4: The median of difference of the reconstructed and the MC track
direction (A) as a function of the MC muon energy for the 150m alternative
KM3NeT-ARCA geometry using the JPP package version 4.0.4190 (red) and
8.2.7878 (purple).

The reconstructed energy is shown as a function of the MC muon
energy in the left plot of figure 7.7. As already discussed in chapter 5, a
correction needs to be made and applied to the reconstructed energy. The
means of the MC muon energy are calculated and plotted as a function
of the reconstructed energy for unweighted events in order to avoid bias.
The reconstructed energy is divided in intervals and for the events of each
interval of the reconstructed energy the mean MC muon energy and the 1o
dispersion is plotted. A fitting procedure is used and a correction function
is constructed and applied to the reconstructed energy. Comparing to the
fitting method used for the correction functions of chapter 5, this time we
did not apply a constant value of the corrected energy at low energies (E
< 800 GeV) and at really high energies (E > 80 PeV) in order to avoid
the artificial effect that it produced. We also investigated the regions of
low energies (E < 800 GeV) and very high energies (E > 80 PeV) and we
concluded that the underestimation of the energy originates from events
which are badly reconstructed, as can be seen from figure 7.5. Therefore we
decided to produce a correction function for the energy region between 600
GeV and 20 PeV and to not apply any correction at low and really high
energies as it can be seen in figure 7.6.
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Figure 7.5: The MC muon energy is shown as a function of the reconstructed
energy for well reconstructed events (A < 1°).
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Figure 7.6: The correction function as applied for the 150m alternative
geometry using the JPP version 8.2.7878. The MC muon energy is shown
as a function of the reconstructed energy.
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To compare the performance before and after applying the correc-
tion function, the reconstructed energy before (left plot) and after applying
the correction function (right plot) as a function of the MC muon energy is
shown in figure 7.7. For completeness, the difference of the reconstructed
and the MC muon energy is shown in figure 7.8 before (left plot) and after
applying the correction (right plot) to the reconstructed energy.
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Figure 7.7: The reconstructed energy (left plot) and the corrected recon-
structed energy (right plot) as a function of the MC muon energy for the
150m alternative KM3NeT-ARCA geometry using the JPP package version
8.2.7878.
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Figure 7.8: The difference of the reconstructed energy (left plot) and the
corrected reconstructed energy (right plot) with the MC muon energy as a
function of the MC muon energy for the 150m alternative KM3NeT-ARCA
geometry using the JPP package version 8.2.7878.
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Figure 7.9 shows the energy resolution of the reconstructed energy
after applying the correction function. An energy resolution of 17% is ob-
tained for reconstructed events with EE > 10TeV and an energy resolution of
16% is obtained for reconstructed events with E > 100 TeV. To conclude,
in figure 7.10, the median of the difference between the corrected recon-
structed energy and the MC muon energy as a function of the MC muon
energy is shown when using the old JPP version (4.0.4190) and the new one
(8.2.7878). The color code remains the same as before.
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Figure 7.9: The energy resolution after applying the correction function for
all reconstructed events with E> 10 TeV (left) and with E> 100 TeV (right)
for the 150m alternative KM3NeT-ARCA geometry using the JPP package
version 8.2.7878.
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Figure 7.10: The median of difference of the corrected reconstructed energy
and the MC muon energy as a function of the MC muon energy for the
150m alternative KM3NeT-ARCA geometry using the JPP package version
4.0.4190 (red) and 8.2.7878 (purple).
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To complete the comparison between the JPP versions 4.04190
and 8.2.7878, we show the sensitivity and the discovery potential obtained
for both fluxes used in chapter 6 using the alternative KM3NeT-ARCA
geometry with 150 m distance between the strings. Details on the extraction
of the sensitivity and the discovery potential have been given in chapter 6.

Prior to the estimation of the sensitivity and the discovery poten-
tial, the values of the MC muon energy that minimize the MRF and the
MDP as well as the points of minimization, are calculated. The results
for events that have been reconstructed for the alternative KM3NeT-ARCA
detector with 150 m distance between the strings, with the astrophysical
neutrino flux used for the Lol (equation 6.6), are reported in table 7.1 for
the MC muon energy. In table 7.2 for the same events, the sensitivity at
90% CL and discovery potential with a significance of 50 at 50% CL are
calculated following the equations 6.2 and 6.5 respectively. To facilitate the
comparison, the results for the events that have been reconstructed with
the 4.0.4190 using the same detector configuration, are also demonstrated
in tables 7.1 and 7.2.

Vreco MRF MDP Vsig | Vatm
JPP v404190]
[0° - 180°] 0.250 at E,=10>°GeV | 0.743 at E,=10°*GeV [31.23]14.48
0° - 100°) 0.455 at E,=10>'GeV| 1.370 at E,=10>1GeV [17.32[14.82
0.457 at E,=102GeV [1.327 at E,=1052GeV|14.11] 8.94

JPDP v8.2.7878
[0° - 180°] 0.253 at E,=10>°GeV | 0.766 at E,=10"*GeV [30.61]14.23
0° - 100°) 0.461 at E,=10>'GeV| 1.360 at E,=10>1GeV [16.99[14.56
0.463 at E,=10°2GeV |1.359 at E,=10°2GeV|13.86] 8.84

Table 7.1: The MC muon energy that minimizes the MRF and the MDP
and the points of minimization using the astrophysical neutrino flux used for
the Lol, for the 150 m alternative KM3NeT-ARCA detector, are reported
for JPP versions 4.0.4190 and 8.2.7878.
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Ogo[GeV Lsr s lem™2]|®s5, [GeV Lsrts lem™2

{87‘660

JpP v4.0.4190] 00—
[0° - 180°] 0.300-10~° 0.892-10~°
0.546-10° 1.644-1073
09 - 100°) 0.548.10~8 1.592.10-%
JPP v8.2.7878
[0° - 180°] 0.304-10~° 0.919-10~°
0.553-10—° 1.632-107°
[0 - 100°) 0.556-10~8 1.631.108

Table 7.2: The sensitivity and the discovery potential for 1 year of operation
of the 150 m alternative KM3NeT-ARCA detector using the astrophysical
neutrino flux used for the Lol, for JPP versions 4.0.4190 and 8.2.7878.

As in the previous chapter, both the MRF and the MDP are mini-
mized at lower values when events that reach the detector from all the zenith
angles are considered. The calculations are repeated for the corrected re-
construction energy values that minimize the MRF and MDP. The resulting
MRF, MDP, the points of minimization and the number of signal and back-
ground events are reported in table 7.3 for the reconstructed muon energy.
In table 7.4, for the same events, the sensitivity and discovery potential are
shown.

MDP

ﬂreco I MRF I

I Vsig IVatm

JPP v4.0.4190]

0° - 1809] 0.305 at Euzl(ffGeV 0.922 at EM:105'3GeV 26.79]15.97
0.310 at E,=10%2GeV ]0.919 at E,=10°2GeV|32.10]25.17
0° - 100°) 0.585 at E,=10"*GeV| 1.758 at E,=10"*GeV [14.01]{16.05
0.586 at E,=10>1GeV [1.739 at E,=10°'GeV|17.15[25.85

JPP v8.2.7878
0° - 180°] 0.298 at E,=10>°GeV | 0.882 at E,=10"°GeV [26.23]14.53
[0° - 100°) 0.571 at E,=10°%GeV | 1.688 at E,=10"*GeV |13.70]14.54

Table 7.3: The reconstructed muon energy that minimizes the MRF and the
MDP and the points of minimization using the astrophysical neutrino flux
used for the Lol, for the 150 m alternative KM3NeT-ARCA detector, are
reported for JPP versions 4.0.4190 and 8.2.7878.
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{87‘660

Ogo[GeV Lsr s lem™2]|®s5, [GeV Lsrts lem™2

PP va.0.4000
v | T T
° 0.702.10 7 5.110.10
[0 - 100°) 0.703.10~8 2.087.10~8
TPD v8.2.7878
#
10° - 180°] 0.358-10 1.058-10
[0° - 100°) 0.685-10~° 2.026-10~°

Table 7.4: The sensitivity and the discovery potential for 1 year of operation
of the 150 m alternative KM3NeT-ARCA detector using the astrophysical
neutrino flux used for the Lol, for JPP versions 4.0.4190 and 8.2.7878.

To complete the analysis, the calculations are repeated for the MC
muon energy and the corrected reconstruction energy values that minimize
the MRF and MDP using the latest IceCube flux for extraterrestrial high-
energy neutrinos with energies greater than 30 TeV (equation 6.8). The
resulting MRF, MDP, points of minimization and the number of signal and
background events are reported in tables 7.5 and 7.7 for the MC muon energy
and the reconstructed muon energy respectively. In tables 7.6 and 7.8, for
the same events, the sensitivity and discovery potential are shown.

Vreco MRF I MDP I Vsig I Vatm
JPP v4.0.4190
[0° - 180°] 0.221 at E,=10°GeV 0.648 at E,=10°GeV [52.77] 36.48
0° - 100°) 0.370 at EH=1(314;GeV 1.097 at Eu:104:6GeV 49.50] 97.39
0.373 at E,=10%5GeV [1.093 at E,=10*°GeV|61.20|155.79
JPP v8.2.7878
[0° - 180°] 0.224 at E,=10°GeV 0.659 at E,=10°GeV [51.57] 35.68
[0° - 100°) 0.374 at E,=10""GeV | 1.096 at E,=10""GeV [48.15] 93.88

Table 7.5: The MC muon energy that minimizes the MRF and the MDP
and the points of minimization using the IceCube astrophysical neutrino
flux, for the 150 m alternative KM3NeT-ARCA detector, are reported for
JPP versions 4.0.4190 and 8.2.7878.
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Yreco |Poo[GeV ~tsr—ts—lem=2]|®s, [GeV ~tsr—ls~lem 2]

JPP v4.0.4190

0° - 1807 0.486-10 1° 1.426-10 15

o o 0.814-10~'® 2.412:10718

[0° - 1007) 0.821.10!8 2.405.10!8
JPP v8.2.7878

0° - 1809 0.493-10~18 1.450-10~°

[0° - 100°) 0.823-107*° 2.411-107%

Table 7.6: The sensitivity and the discovery potential for 1 year of opera-
tion of the 150 m alternative KM3NeT-ARCA detector using the IceCube
astrophysical neutrino flux, for JPP versions 4.0.4190 and 8.2.7878.

ﬁreco MRF I MDP I Vsig I Vatm

JPP v4.0.4190
00 - 180 |0-267 at E,=10"1GeV][ 0.791 at E,=10"1GeV [46.21] 41.12
0.267 at E,=10°GeV |0.789 at E,=10°GeV|56.68] 64.98

[0°-100°) ]0.457 at E,=10""GeV| 1.332 at E,=10""GeV [51.43]166.15

JPP v8.2.7878

0° - 180°] 0.260 at E,=10>1GeV ] 0.762 at E,=10"'GeV [44.88

36.49

[0° - 100°) 0.446 at E,=10"°GeV | 1.301 at E,=10**GeV [40.60

Table 7.7: The reconstructed muon energy that minimizes the MRF and the
MDP and the points of minimization using the IceCube astrophysical neu-
trino flux, for the 150 m alternative KM3NeT-ARCA detector, are reported
for JPP versions 4.0.4190 and 8.2.7878.

Vreco Poo[GeV tsr~ts Lem 2| @5, [GeV tsr s lem 2]

JPP v4.0.4190

—r3 —18

0 - 1807 55710715 17361015

09 - 1007) 1.005-107*° 2.930-10~'°
JPP v8.2.7878

[0° - 180°] 0.572.10~ 15 1.676-101°

[0° - 100°) 0.981-107 % 2.862-1071°

Table 7.8: The sensitivity and the discovery potential for 1 year of opera-
tion of the 150 m alternative KM3NeT-ARCA detector using the IceCube
astrophysical neutrino flux, for JPP versions 4.0.4190 and 8.2.7878.
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To conclude, one can observe a slight improvement (by 1-2%) of
the sensitivity and the discovery potential when using the newest JPP pack-
age version 8.2.7878 for both fluxes studied. This does not influence the
conclusion of our study.
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Kegpdiaio 8

2IUPTEQAC AT

Yo mhaiota TN pETOmTUYLAXAC QUTAS EpYaolog, TeoypaToTolUNXE PEAETT
BehtioTomolnong e Spodppnong e Yewpetplog Tou aviyveuty KM3NeT-
ARCA vty aviyveuon vetpivov udmioy evepyeldv. H andxpion tou aviyveu-
T %o 1) BUVATOTNTOL VO BAUPNE PONC AT TROPUGIXWY VETEIVKDY PEAETRUNX Y Yiat
evohhaxtixéc yeopetpleg Tou aviyveuti KM3NeT-ARCA vy 1o oxond authc
e gpyaolog xan cuyxelinxay pe TNV uTdpyouoH YEWRETEIL TOU AVLYVEUTY
6mou M andoTAoT HETAEY TWV oV VEUTIXGY 1ovadwy (DUs) eivor 90 m.

Apyxd, Toprydnoay Teelc SLapopeTIXES YEWPETEIES VLol TOV ALy VEUTH
KM3NeT-ARCA. H dagopd e tnv umdpyouoa yewpetpla Atav 1 adinon tne
AmOCTAONE HETOEY TWVY VLY VELTIXGY 1oVadwy o 120 m, 150 m xou 180 m orv-
tlotowya. Ioaprydnoav, TpocopolddInxoy xol AVaXATACKEVACTXAY YEYOVOTA
VeTplvewy Yo xdde 1ol oamd TIC BlapopeTIXES YEWIETPIEC ToU peAe UMMV JIE TN
YeNoN TWV ETONIWY UTOAOYICTIXOY TaXETKY Tou Tetpdpatog KM3NeT.

H andxpion Tou aviyveuty| yio SLpOpETIXES YEWHETPlES EAEY Y OnXE
apyxd pe To péyedog TN EVERYOU TEPLOYNAC. LTNV EVERYELOXY| TEQLOY T EVOL-
agépovtoc yioo Ty epyaoio (E > 100TeV), n abénon tne evepyol meployhc
éptove w¢ to 114% vy TV mo peYdAn yewpetplo Tou eAEYyUNXE GUYXEL-
Txd pe v undpyouca. H anddoon Twv eVOANIXTIXGY YEWHETEUOY OE OyEoN
He TNV undpyouca yewpeTplo lvon JxpOTERY dARd ETUEXC, EVEK 1] TOLOTNTA
OVOXATOOXEUHC YEYOVOTWV Elvor Yiar OAEC TG YEwpeTplee peyahitepn and 90%
v evépyeieg E > 100 TeV.

Y1V cuvEyela dMpLoLEYHUNXE XL YenoltoTolUnxe cuvdETNoT BLoE-
VONC YLOL TNV OVOXATACXEVUCHEVT] EVEQYELX Yiol XAOE EVAANOXTIXT YEWHETELA
ToL YeNotpomolUnxe Ve Yo TNV NO1 UTEEY0UCH YEOIETEIO TEOUTRY Y CUVO-
ethoelg dlopdwong. Metd tn Siopdwon tng evépyetag, emtedydnxe e&oupeTixn
EVEQYELOY) XAl Y WVLAXT) OLOXELTIXT IXAVOTNTA, TUEOTLOWL Yial OAES TG YEWIETPIES
Tou peheTHOMXay.

I Ty ohoxAfiewaon g 00yxelong HETAE) TWV BLOPORETIXMY YEWIE-
TELOV pereTRdnxay Yoo xdde yewpetpio 1 euonoUnota aviyveuone xou 1 -
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Yovotnta avoxdhudng Sidyutne porc Ao TROPUOIX®Y VETEIVWY Yo T1 pOT| ToU
yenowponoteiton enionpa oto Lol tou melpdportog xan yior T o npdcgato UT-
oloylopévn pory and to melpapo IceCube yio vetpiva ewyivng mpoéheuong.
Yopgwva e tn perétn aut avapévetan Behtioon xatd 30% yio v evaoinoio
aviyveuong xodog xou T mdaveTTa avaxdAUPNG JIE TN XeHON TNS HEYOADTEENS
yvewpeTplog oe oUyxplom [E TNV uTdpyouoa. Xuvurtoloyiloviag TV anddoon
OMWY TOV YEOUETELOV TOL PEAETAUNXAY, anogacioTnxe 6Tl 1 o ~anodoTxn’
YEWHETEl Yo TNV aviy VELaT) VETRIV®Y TOAL UPNAGDY EVERYELOV Elvar 1) YEWHETELN
ne anéotaon 150 m petadd TV AV VEUTIXDY HOVEBMY.

Kotd tn dudpxeior tng perétng, Beédnxay opdipota o SLaupopeTinég
EXDOOELC TOU TOXETOU OVOXUTUOXEVHC TOU TELRYRATOS XOL YLl TO AOYO AuTO 1|
epyocioa OAOXANEWINXE JIE TNV CUYXELOT TNE TLO TROCPATNG EXBOCTE TOU ToXE-
Tou avaxataoxeunc JPP (8.2.7878) xou authc mou yenotporoidnxe (4.0.4190)
yioe Ty evahhax T yewpetplo KM3NeT-ARCA pe 150 m andotoon petald
TOV OVEYVELTIX®Y Povadwy. Ta aroteAéopata yio TLC EX8OCELS TO TOXETOV HTAY
oLVOPY), EVED oL (UXEES) DLPORES TWY UMOTEAECPRETWY Yot Tar Bidpopa peYEDn
Tou pEAETAHUMXOY OPEllOVTOL OTT TO PEAALCTIXT AmOBOCT TOU VEOU TOXETOU
OLVOXATACKEVTC.
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Kegpdiawo 9

Conclusions

Optimization studies of the KM3NeT-ARCA detector for the detection of
high energy neutrinos are presented in this thesis. The detector response
and the discovery potential for a diffuse astrophysical flux are studied for
alternative geometries of the KM3NeT-ARCA detector for the purpose of
this work and are compared to the existing geometry of the detector with
90 m distance between the detection units (DUs).

Initially, three different geometries were produced for the KM3NeT-
ARCA detector. The difference with the existing geometry was an increase
of the distance between the detection units at 120 m, 150 m and 180 m,
respectively. We produced, simulated and reconstructed neutrino events for
each of the different geometries studied using the KM3NeT computational
packages.

The detector response for the different geometries was initially in-
vestigated in terms of effective area. In the region of interest (E > 100TeV),
the increase in the effective area reached 114% for the largest geometry
studied compared to the existing one. The efficiency for the alternative ge-
ometries in relation to the existing geometry is smaller but sufficient, while
the quality of event reconstruction is for all geometries greater than 90% for
E> 100TeV.

A correction function was produced and applied for the recon-
structed energy for each alternative geometry studied, while for the 90 m
geometry the existing correction functions were used. After applying the
energy correction, excellent energy and angular resolution was achieved sim-
ilarly for all the geometries studied.

To complete the comparison between the different geometries, the
sensitivity and the discovery potential for each geometry were calculated
using two astrophysical neutrino fluxes, one which is described in the Lol
of the KM3NeT collaboration and the one published recently from the Ice-
Cube experiment. Our studies indicate that an improvement of 30% for the
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sensitivity and the discovery potential is expected using the largest alterna-
tive KM3NeT-ARCA geometry compared to the existing one. Taking into
account the detector response in all geometries studied, it was decided that
the most "efficient” geometry for detecting very high energy neutrinos was
the geometry with a distance of 150 m between the detection units.

During the study, inconsistencies were found in different versions of
the reconstruction package (JPP) used by the collaboration. A comparison
was therefore made between the most recent version of the reconstruction
package (8.2.7878) and the version (4.0.4190) used ofr our studied for the
alternative KM3NeT-ARCA geometry with a distance of 150 m between the
detector units. This was carried out in order to verify that the results of our
study were not influenced when using the more realistic response of the new
JPP package. Differences in results for the different quantities studied were
quite small between the two packages (1-2%) and do not affect the results
of this study.
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Appendix A

Sensitivity and discovery
potential detailed analysis

A.0.1 Sensitivity and discovery potential for the standard
KM3NeT-ARCA detector

Prior to the estimation of the sensitivity and the discovery potential, the
values of the MC muon energy at which the MRF and the MDP are min-
imized as well as the points of minimization, are calculated. In order to
make it easier to compare with the expectations published at the Lol, the
results for events that have been reconstructed for the standard KM3NeT-
ARCA detector, with the astrophysical neutrino flux with the cutoff at 3
PeV (equation 6.6), are reported in table A.1 for the MC muon energy. The
number of signal and background events are also shown in table A.1. In
table A.2 for the same events, the sensitivity at 90% CL and the discovery
potential with a significance of 5o at 50% CL are evaluated following the
equations 6.2 and 6.5 respectively.

Vreco MRF MDP Vsig | Vatm

[0° - 180°]] 0.356 at E,,=10"'GeV | 1.062 at E,=10"1GeV [20.33[12.06
00 _ 1000|0649 at E,=10"'GeV| 1.975 at E,=10"'GeV [ 9.22 | 7.45
[0%- )| 0.649 at E,=10°GeV [1.915 at E,=10°GeV|11.21]|12.20

Table A.1: The MC muon energy at which the MRF and the MDP are
minimized as well as the points of minimization using the astrophysical
neutrino flux used for the Lol, for the standard KM3NeT-ARCA detector,
are reported.
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[0° - 180°] 0.427-10 1.274-10

0.779-10°° 2.370-107°
[0 - 1000)' 0.779-10~8 | 2.298.10°8

Table A.2: Sensitivity and discovery potential for 1 year of operation of the
standard KM3NeT-ARCA detector with 2 blocks using the astrophysical
neutrino flux used for the Lol.

The calculations were repeated for the reconstructed energy val-
ues after applying the correction described in chapter 5. The results are
reported in table A.3, for the reconstructed muon energy. The sensitivity
and discovery potential are estimated for the same events and are presented
in table A.4.

Oreco MRF MDP Vsio |Vatm

00 - 180010418 at Erec;=10"2GeV| 1.252 at Ereco=10""GeV_[17.96[13.18
[07 - 180°]"0.420 at E,o.=1073GeV [1.224 at E....=10>3GeV|14.96|8.36
[0° - 100°)] 0.778 at Eyeco=10>1GeV | 2.314 at E,co=10""GeV [9.49]12.70

Table A.3: The reconstructed muon energy at which the MRF and the MDP
are minimized as well as the points of minimization using the astrophysical
neutrino flux used for the Lol, for the standard KM3NeT-ARCA detector,
are reported.

Oreco | Poo[GeV ~Lsr—ts~lem 2] @5, [GeV ~Lsr—ts~lem =2
0 0 0.502-10° 1.502-10°

[0° - 1807] 0.504 108 1.469-10~°

[0° - 100°) 0.934-10°9 2.777-10°°

Table A.4: Sensitivity and discovery potential for 1 year of operation of the
standard KM3NeT-ARCA detector with 2 blocks using the astrophysical
neutrino flux used for the Lol.
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For completeness, the same procedure was followed using the can
correction (presented in the previous chapter) for the reconstructed energy
for the standard KM3NeT-ARCA geometry. In tables A.5 and A.6, the
results using the reconstructed energy after this correction are shown. The
sensitivity at 90% CL and discovery potential with a significance of 5o at
50% CL are calculated following the equations 6.2 and 6.5 respectively.

ﬂv’eco MRF MDP Vsig | Vatm
0° - 180°0.448 at E,cco can=10>1GeV][1.324 at E,crp.can=10""GeV[19.81]19.44
[0° - 100°)]0.838 at Ereco.can=10"1GeV]2.506 at Ereco.can=10""GeV] 8.80 [12.63

Table A.5: The reconstructed muon energy after applying the can correc-
tion, at which the MRF and the MDP are minimized and the points of
minimization using the astrophysical neutrino flux used for the Lol for the
standard KM3NeT-ARCA detector, are reported.

Oreco | Poo[GeV Lsr ts~lem 2] ®s5, [GeV ~Lsrts~em 2]
0° - 180°] 0.538.10 1.589-10 °
[0° - 100°) 1.006-10~° 3.007-10~°

Table A.6: Sensitivity and discovery potential for 1 year of operation of the
standard KM3NeT-ARCA detector with 2 blocks using the astrophysical
neutrino flux used for the Lol.
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The sensitivity and the discovery potential for the standard KM3NeT-
ARCA detector, were also estimated using the IceCube flux for extraterres-
trial high-energy neutrinos with energies greater than 30 TeV (equation 6.7).
The MC energy and the reconstructed muon energy (using both corrections)
at which the Model Rejection Factor (MRF) and the Model Discovery Poten-
tial (MDP) are minimized as well as the points of minimization are reported
in tables A.7, A.9 and A.11. The number of signal and background events at
these points are also shown in the previous tables. The sensitivity and the
discovery potential for 1 year of operation of the standard KM3NeT-ARCA
detector with 2 blocks are calculated and demonstrated in tables A.8, A.10
and A.12 for the MC energy and for the two different corrections applied to

the reconstructed energy respectively.

Vreco MRF MDP Vsig | Vatm
00 - 18001 [0-301 at E,=10"7GeV| 0.907 at E,=10"7GeV [35.73] 30.27
0% - I 0.306 at E,=10*%GeV |0.891 at E,=10"%GeV|65.82]119.04
[0° - 100°)] 0.501 at E,=10"°GeV [ 1.461 at E,=10"°GeV |33.49] 80.74

Table A.7: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the astrophysical neutrino
flux using the IceCube flux for the standard KM3NeT-ARCA detector, are

reported.
Vreco | Poo[GeV ~Lsrts~lem 2] ®s5, [GeV ~Lsr—ts—lem =2
0.662-10~ 1'% 1.995-10~ 1%
(07 - 180°] 0.672-10~18 1.960-10~'8
[0° - 100°) 1.102-107 % 3.214-107 1%

Table A.8: Sensitivity and discovery potential for 1 year of operation of the
standard KM3NeT-ARCA detector with 2 blocks using the astrophysical
neutrino flux from the IceCube.
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Vreco MRF MDP Vsig | Vatm

0° - 180°]]0.345 at E,..,=10""GeV]1.009 at E,..,=10*°GeV[39.92] 52.41
[0° - 100°)]0.587 at E,eco=10*°GeV|1.708 at E,cco=10*°GeV]35.93[131.31

Table A.9: The reconstructed muon energy at which the MRF and the MDP
are minimized and the points of minimization using the astrophysical neu-
trino flux using the IceCube flux for the standard KM3NeT-ARCA detector,
are reported.

Vreco | Poo[GeV ~Lsr—ts~lem 2] @5, [GeV ~Lsr—ts—lem =2
0° - 180°] 0.759-10~° 2.220-10~°
[0° - 100°) 1.291-10~ 7% 3.758:10~ 1%

Table A.10: Sensitivity and discovery potential for 1 year of operation of
the standard KM3NeT-ARCA detector with 2 blocks using the IceCube
astrophysical neutrino flux.

ﬁreco MRF MDP Vsig | Vatm

0° - 180°]]0.353 at Eyreop.can—10"" GeVIL.042 at Eyerocan—10" GeV]53.26[103.16
[0° - 100°)]0.604 at Ereco.can=10"1GeV|[1.762 at E eco.can=10%"GeV|81.13[760.70

Table A.11: The reconstructed muon energy after applying the can correc-
tion, at which the MRF and the MDP are minimized and the points of
minimization using the astrophysical neutrino flux using the IceCube flux
for the standard KM3NeT-ARCA detector, are reported.

Oreco | Poo[GeV Lsr—ts~lem 2] ®s5, [GeV ~Lsr—ts~em 2]
0° - 1807 0.777-10~ 18 2.292-10~ 18
[0° - 100°) 1.329-10 '8 3.876-10~1°

Table A.12: Sensitivity and discovery potential for 1 year of operation of
the standard KM3NeT-ARCA detector with 2 blocks using the IceCube
astrophysical neutrino flux.
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A.0.2 Sensitivity and discovery potential for the 120 m
alternative KM3NeT-ARCA detector

The calculations of the sensitivity and the discovery potential are presented
for each of the alternative KM3NeT-ARCA geometries in the following sub-
sections. The values of the MC muon energy at which the MRF and MDP
are minimzed and the points of minimization are calculated. The num-
ber of signal and background events at these points are also shown. The
results for events that have been reconstructed for the 120 m alternative
KM3NeT-ARCA detector, with the astrophysical neutrino used for the Lol,
are reported in table A.13. In table A.14, for the same events, the sensitivity
at 90% CL and discovery potential with a significance of 55 at 50% CL are
calculated following the equations 6.2 and 6.5 respectively.

Oreco MRF MDP Vsig | Vatm
0.291 at E,=10"*GeV| 0.870 at E,=10°*GeV [23.88]10.89
0.295 at E,=10°3GeV ]0.852 at E,=10°3GeV|19.72] 6.88

0.534 at E,=10"'GeV| 1.608 at E,=10>'GeV [12.97]10.80
0.540 at E,=10°GeV | 1.590 at E,=10°GeV |15.76]17.61

[0° - 180°]

0° - 100°)

Table A.13: The MC muon energy at which the MRF and the MDP are
minimized as well as the points of minimization using the astrophysical
neutrino flux used for the Lol, for the 120 m alternative KM3NeT-ARCA
detector, are reported.

Oreco | Poo[GeV ~Lsrts~tem=2]| @5, [GeV ~Lsr—tslem =2
0.349-10°° 1.044-107%
(02 - 1807 0.354-10~8 1.022.10°8
0.641-10°° 1.930-107°
[0° - 1007) 0.648-10~8 1.908.10~%

Table A.14: Sensitivity and the discovery potential for 1 year of operation
of the 120 m alternative KM3NeT-ARCA detector with 2 blocks using the
astrophysical neutrino flux used for the Lol.
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Both the MRF and the MDP are minimized at lower values when
events that reach the detector from all the zenith angles are considered, as
was the case with the standard KM3NeT-ARCA detector. The calculations
were repeated for the corrected reconstruction energy values at which the
MRF and the MDP are minimized. The results for events that have been re-
constructed for the 120 m KM3NeT-ARCA detector with the astrophysical
neutrino flux used for the Lol, are reported in table A.15 for the recon-
structed muon energy. In table A.16, for the same events, the sensitivity
and discovery potential are calculated as before.

Vreco MRF MDP Vsig | Vatm

[0° - 180°]]0.338 at E,cro=10"GeV][1.032 at E,..,=10°°GeV]20.38]10.64
[0° - 100°)]0.642 at E,eco=10"1GeV|1.897 at E,cc,=10"1GeV[12.84]16.31

Table A.15: The reconstructed muon energy that minimizes the MRF and
the MDP and the points of minimization using the astrophysical neutrino
flux used for the Lol, for the 120 m alternative KM3NeT-ARCA detector,
are reported.

Oreco | Poo[GeV Lsr s lem™2]|®s, [GeV Lsr— s lem ™2

[0° - 180°] 0.406-10~ 1.238-10~
[0° - 100°)| 0.770-10~° | 2.276-10~°

Table A.16: Sensitivity and discovery potential for 1 year of operation of
the 120 m alternative KM3NeT-ARCA detector with 2 blocks using the
astrophysical neutrino flux used for the Lol.
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The sensitivity and the discovery potential for the 120 m KM3NeT-
ARCA detector is also estimated, using the IceCube flux for extraterrestrial
high-energy neutrinos with energies greater than 30 TeV (equation 6.7). The
MC energy and the reconstructed muon energy at which the Model Rejec-
tion Factor (MRF') and the Model Discovery Potential (MDP) are minimized
and the points of minimization are reported in tables A.17 and A.19 respec-
tively. The number of signal and background events at these points are also
shown. Additionally, the sensitivity and the discovery potential for 1 year of
operation of the 120 KM3NeT-ARCA detector are reported in tables A.18
and A.20.

Vreco MRF MDP Vsig | Vatm

[0° - 180°]] 0.252 at E,=10"7GeV | 0.738 at E,=10""GeV [50.25] 43.58
00 - 1000y|0-423 at E,=10"°GeV| 1.254 at E,=10"°GeV [47.31]117.48
[0° - )| 0.426 at E,=10*1GeV [1.243 at E,=10"'GeV|71.30|283.09

Table A.17: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the IceCube astrophysi-
cal neutrino flux, for the 120 m alternative KM3NeT-ARCA detector, are

reported.

Vreco | Poo[GeV Lsrts™lem 2] @5, [GeV Lsr—ts—1em 2]
[0° - 180°] 0.554-10~ 13 1.623-10~1°

o o 0.931-107'® 2.759-107°
09 - 100°) 0.937-10~18 2.735.10 18

Table A.18: Sensitivity and discovery potential for 1 year of operation of the
120 m alternative KM3NeT-ARCA detector with 2 blocks using the IceCube

astrophysical neutrino flux.

Yreco MRF MDP Vsig | Vatm

[0° - 180°]] 0.286 at E,..,=10°GeV | 0.845 at E,..,=10°GeV [43.4841.93

0.487 at E,..,=10*°GeV]| 1.434 at E,c.,=10*°GeV [|49.11[172.23
0.490 at E,eeo=10*%GeV [1.426 at E,..,=10**GeV|73.60]1404.73

[0° - 100°

~—

Table A.19: The reconstructed muon energy at which the MRF and the
MDP are minimized and the points of minimization using the IceCube astro-
physical neutrino flux, for the 120 m alternative KM3NeT-ARCA detector,

are reported.
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[0° - 180°] 0.629-10™ 1.859-10™

1.071-10~ 18 | 3.155-10~°

(02 - 100°) 1.078-10~18 3.137.10" 18

Table A.20: Sensitivity and discovery potential for 1 year of operation of the
120 m alternative KM3NeT-ARCA detector with 2 blocks using the IceCube
astrophysical neutrino.
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A.0.3 Sensitivity and discovery potential for the 150 m
alternative KM3NeT-ARCA detector

Firstly, the estimation of the sensitivity and the discovery potential for the
values of the MC muon energy at which the MRF and MDP are minimized,
is made. The results for events that have been reconstructed for the 150 m
alternative KM3NeT-ARCA detector using the astrophysical neutrino flux
used for the Lol with the cutoff at 3 PeV, are reported in tables A.21 and
A .22 for the MC muon energy. The number of signal and background events
at these points are also shown.

Vreco MRF MDP Vsig | Yatm
[0° - 180°]] 0.250 at E,=10°2GeV | 0.743 at E,=102GeV [31.23]14.48
00 - 1000 [0-435 at E,=10>"GeV[ 1.370 at E,=10""GeV [17.32]14.82
0% - )| 0.457 at E,=1052GeV [1.327 at E,=105?GeV|14.11] 8.94

Table A.21: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the astrophysical neutrino
flux used for the Lol, for the 150 m alternative KM3NeT-ARCA detector,
are reported.

Oreco | Poo[GeV Lsrts lem 2] @5, [GeV Lsr—ts~em 2]
0° - 180°] 0.300-10~3 0.892-10

o B 0.546-10"° 1.644-107°
(07 - 1007) 0.548-10~8 1.592-108

Table A.22: Sensitivity and discovery potential for 1 year of operation of
the 150 m alternative KM3NeT-ARCA detector with 2 blocks using the
astrophysical neutrino flux used for the Lol.
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The calculations are repeated for the reconstruction energy values
after the correction that minimize the MRF and MDP. The results for events
of the MRF, MDP and the points of minimization are reported in table A.23
for the reconstructed muon energy. The number of signal and background
events at these points are also shown. In table A.24, for the same events,
the sensitivity and discovery potential are shown.

9,eco MRF MDP Vsig | Vatm

[0° - 180°][0.305 at E,cc,=10°°GeV| 0.922 at E,c,,=10>°GeV [26.79[15.97
0.310 at E,..,=10>2GeV ]0.919 at E,..,=10%2GeV|32.10[25.17
0.585 at E,c.,=10°2GeV]| 1.758 at E,eo=10>?GeV [14.01[16.05
0.586 at E;eco=10>1GeV |1.739 at E,..,=10°'GeV]17.15/25.85

[0° - 100°

~—

Table A.23: The reconstructed muon energy at which the MRF and the
MDP ara minimized and the points of minimization using the astrophysical
neutrino flux used for the Lol, for the 150 m alternative KM3NeT-ARCA

detector, are reported.

Oreco | Poo[GeV Lsrts~lem 2] @5, [GeV Lsr—ts—lem 2]
0.366-10°° 1.106-10~%
[07 - 180°] 0.372.10~8 1.103-10~8
0.702-10°° 2.110-10~%
[02 - 1007) 0.703-108 2.087.108

Table A.24: Sensitivity and discovery potential for 1 year of operation of
the 150 m KM3NeT-ARCA detector with 2 blocks using the astrophysical

neutrino flux used for the Lol.
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The sensitivity and the discovery potential for the 150 m KM3NeT-
ARCA detector using the IceCube flux for extraterrestrial high-energy neu-
trinos with energies greater than 30 TeV (equation 6.8) are calculated. The
MC energy and the reconstructed muon energy at which the Model Rejec-
tion Factor (MRF') and the Model Discovery Potential (MDP) are minimized
as well as the points of minimization are reported in tables A.25 and A.27
respectively. The number of signal and background events at these points
are also shown. Additionally, the sensitivity and the discovery potential for
1 year of operation of the 150 m KM3NeT-ARCA detector with 2 blocks
are shown in tables A.26 and A.28 for the MC energy and the reconstructed
energy respectively.

Vreco MRF MDP Vsig | Vatm

[0° - 180°]] 0.221 at E,=10°GeV | 0.648 at E,=10°GeV [52.77] 36.48
00 - 100)|0:370 at E,=10"'GeV| 1.097 at E,=10""GeV [49.50] 97.39
i 0.373 at E,=10%5GeV [1.093 at E,=10%°GeV|61.20|155.79

Table A.25: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the IceCube astrophysi-
cal neutrino flux, for the 150 m alternative KM3NeT-ARCA detector, are
reported.

[0° - 1807] 0.486-10— 1.426-10
Y R 0.814-10~'° | 2.412-1077°
[0° - 1007) 0.821-10~18 2.405-10~18

Table A.26: Sensitivity and discovery potential for 1 year of operation of the
150 m alternative KM3NeT-ARCA detector with 2 blocks using the IceCube

astrophysical neutrino flux.
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1()reco I MRF

MDP Vsig | Vatm

o 1l0.267 at E,..,=10°'GeV|0.791 at E,.,=10"1GeV [46.21] 41.12
[07 - 180°1)"0 267 at Ere,=10°GeV  0.789 at E...,—10°GeV|56.68] 64.98

[0° - 100°)] 0.457 at B eco=10""GeV | 1.332 at E,co=10%"GeV [51.43[166.15

Table A.27: The reconstructed muon energy at which the MRF and the
MDP are minimized and the points of minimization using the IceCube astro-
physical neutrino flux, for the 150 m alternative KM3NeT-ARCA detector,

are reported.

5, [GeV Ltsrtslem 2

Oreco | Poo[GeV ~Lsr—ts~lem =2
1018 1n-—18
-5 GETe s 17361015
[0° - 100°) 1.005-10~1® 2.930-10~°

Table A.28: Sensitivity and discovery potential for 1 year of operation of the
150 m alternative KM3NeT-ARCA detector with 2 blocks using the IceCube

astrophysical neutrino flux.
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A.0.4 Sensitivity and discovery potential for the 180 m
alternative KM3NeT-ARCA detector

The sensitivity, the discovery potential, the values of the MC muon energy
at which the MRF and MDP are minimized, as well as the points of mini-
mization are calculated. The results for events that have been reconstructed
for the 180 m alternative KM3NeT-ARCA detector with the astrophysical
neutrino flux used for the Lol, are reported in table A.29 for the MC muon
energy. The number of signal and background events at these points are also
shown. In table A.30 for the same events, the sensitivity at 90% CL and
the discovery potential with a significance of 5o at 50% CL are calculated
following the equations 6.2 and 6.5 respectively.

Oreco MRF MDP Vsig | Vatm

00 - 1500|0221 at E,=10"3GeV| 0.658 at E,=10°°GeV [32.18]11.49
(0% - I 0.224 at E,=1051GeV |0.656 at E,=10°'GeV|26.47| 7.32

[0° - 100°)] 0.398 at E,=10"*GeV | 1.163 at E,=10°*GeV [17.62]11.19

Table A.29: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the astrophysical neutrino
flux used for the Lol for the alternative 180 m KM3NeT-ARCA detector,
are reported.

Oreco | Poo[GeV Lsr—t s lem 2] ®s5, [GeV ~Lsr—ts~em 2]
0.265-10° 0.790-10~°
[0° - 1807] 0.269-10~8 0.787-10°8
[0° - 100°) 0.478-107° 1.396-10~°

Table A.30: Sensitivity and discovery potential for 1 year of operation of
the alternative 180 m KM3NeT-ARCA detector with 2 blocks using the
astrophysical neutrino flux used for the Lol.
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The calculations are repeated for the reconstruction energy values
after the correction that minimize the MRF and MDP. The results for events
that have been reconstructed for the alternative 180 m KM3NeT-ARCA
detector with the astrophysical neutrino flux with the cutoff at 3 PeV used
for the Lol, are reported in table A.31 for the reconstructed muon energy.
In table A.32 for the same events, the sensitivity at 90% CL and discovery
potential with a significance of 50 at 50% CL are calculated following the
equations 6.2 and 6.5 respectively.

Yreco MRF MDP Vsig | Vatm

0° - 180°1}0.284 at E,.,=10"*GeV|[0.837 at E,..,=10"*GeV[27.11]13.96
[0° - 100°)[0.553 at Eyeco=10"2GeV|[1.630 at E,eco=10"3GeV|[13.93|13.96

Table A.31: The reconstructed muon energy at which the MRF and the
MDP are minimized as well as the points of minimization using the astro-
physical neutrino flux used for the Lol for the alternative 180 m KM3NeT-
ARCA detector are reported.

Oreco | Poo[GeV Lsr—ts lem=2]|®s5, [GeV ~Lsr—ts~lem =2
0° - 180°] 0.341-10~° 1.004-10~°
[0° - 100°) 0.664-10~° 1.956-10~°

Table A.32: The sensitivity and the discovery potential for 1 year of opera-
tion of the alternative 180 m KM3NeT-ARCA detector with 2 blocks using
the astrophysical neutrino flux used for the Lol.
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Finally, the sensitivity and the discovery potential for the alterna-
tive 180 m KM3NeT-ARCA detector are calculated, using the IceCube flux
for extraterrestrial high-energy neutrinos (equation 6.7). The MC muon
energy and the reconstructed muon energy at which the Model Rejection
Factor (MRF) and the Model Discovery Potential (MDP) are minimized,
as well as the points of minimization are reported in tables A.33 and A.35
respectively. The number of signal and background events at these points
are also shown. The sensitivity and the discovery potential are reported in
tables A.34 for the MC muon energy and A.36 for the reconstructed energy.

Vreco MRF MDP Vsig | Vatm
0° - 180 0.200 at E,=10°GeV | 0.591 at E,=10°GeV [63.94] 44.87
i 0.201 at E,=10>'GeV ]0.591 at E,=10°'GeV|52.40] 28.70

0° - 1000)[2:337 at E,=10"7GeV][ 0.992 at E,=10"9GeV [39.12] 47.87
_ 0.338 at E,=1047GeV |0.990 at E,=10*"GeV|59.80|120.48

Table A.33: The MC muon energy at which the MRF and the MDP are
minimized and the points of minimization using the IceCube astrophysi-
cal neutrino flux, for the alternative 180 m KM3NeT-ARCA detector, are

reported.

Oreco | Poo[GeV ~Lsr—ts~lem=2]| @5, [GeV ~Lsr—tslem =2
0.440-10~ 18 1.300-10~18
[07 - 180°] 0.442.10~18 1.300-10~'8
0.741-10~'° 2.182-10~15
(09 - 100°) 0.743.10~18 2.613-1018

Table A.34: The sensitivity and the discovery potential for 1 year of opera-
tion of the 180 m alternative KM3NeT-ARCA detector with 2 blocks using

the IceCube astrophysical neutrino flux.
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Vreco MRF MDP Vsig | Vatm
[0° - 180°]] 0.258 at E,ceo=10°3GeV | 0.755 at E,..,=10°°GeV [22.16] 36.45
o |0.428 at E,..,,=10"°GeV| 1.262 at E,¢.,=10"GeV [50.29[137.20
[0°-100°)]70.431 at Ereco=107GeV [1.259 at E,ce=10%7GeV]62.41[220.10
Table A.35: The reconstructed muon energy at which the MRF and the
MDP are minimized and the points of minimization using the IceCube astro-
physical neutrino flux, for the alternative 180 m KM3NeT-ARCA detector,

~—

are reported.

®5,[GeV Ltsrtslem 2

Oreco | Poo[GeV ~Lsr—ts~lem =2
[0° - 180°] 0.568-10~ 13 1.661-10~1°
0.942-10° 18 2.776-10~ 13
[02 - 1007) 0.948.10~18 2.770-10" 18

Table A.36: The sensitivity and the discovery potential for 1 year of opera-
tion of the 180 m alternative KM3NeT-ARCA detector with 2 blocks using

the IceCube astrophysical neutrino flux.
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