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ITepiindn

Or dvdpwmol nédvta Hiehav vo eEEpEUVACOUY To LUCTHELAL TOU cUUTAVTOC. Apyloay
AOLTIOV VoL TUEATNEOVY TOV 0UEAVO UE TNAEOHOTILOL OVLY VEVOVTAS POTOVLA GE BLAPORETIXG.
U@ xOUATOC TOL NAEXTEOUAY VITIX0U GaouaTtoc. To puTdVia YeNnoLHoToloUVToL EVREMS
otV actpovoplo xoog xwvolval oe eudeleg ypopuuée xan €pyovion otn I'n ancudelog
amo To onueio Tou oupavol and 6mou LexwvoLyv. Evtoltol, Ta guTovia umopody va
amopeopnioly and T doryaadioxry VAN xu €Tol B @Tdvouy oty I'n otay Tadldsbouy
Sloryahadloxnée anoctdoelg. Emmhiéov, ta gopTiouéva oouotidior Tou urmopoly xi autd va
ATOTEAEGOUY “XOOUIXOUE oY YEMOPOPOUS”, EXTOETOVTOL OO Pary VITTIXG TEDla Xa PTdvVoLY
otn I'n e Swapopetinée xateudivoelg amd Ti¢ apyixég Toug. Me autd Tov TPdTO, Ta
POPTICUEVA CLUATIBLO BEV UTOPOVY Var TIOREYOUY TTANROYORIES Yia To onucio Tapaywyhc
TOUC GTOV OUPAVO.

Avtideta pe T QTOVIO XoU TA PORTIOUEVA COUATIOWL, To VETRIVO UTopoly var avodi-
ovTol P€oa amd TIC TNYES TPy WY S TOUG X0l Vo ToEIBEVOUY OVETNEENCTA GTO LOUTOY.
To oudETePa VETEIVO BEV AVTIOEOLY UE To Loty VITIXG TIEG{OL Kol OEV ATOPEOPWVTAL ATO T1)
otaryohalonery AN BelyvovTog €0l TNV xatebuvoTn TOV TNYOV TapaywYHS Toug. Autéc
oL 1t6TNTES X TOOY ToL VETEIVO 1oovixolg xoouolg ayyehlopopous. Evtoltolg, ta
VETEIVO avTIOpoUY acUeEVOS UE TNV UAT X0 oIATOUVTOL HEYSAOL OVLY VEUTIXOL GYXOL YLot
NV avlyVEUGT| TOUG OE XAV OTATIO T WO TE Vo evToTioVoly oL Tnyég Toug. To tnAe-
oxoTa VETRiVWY Totodetolvton 61n Yalacoa, o€ Aluveg 1 6Tov Tdyo xat TeooTadoly
Vo vty veoouy vetplvo ta omola €youv dwoyloel T I'n xou avtidpolv xovtd oTtov o-
viyveut). Ta vetplvo aviyvebovton UUESa, amd TO YOS TOU CUYXEVIWVETOL U0 TOUG
POTOTOAMATAACLOC TEC XUTH TS AVTIOPACELS TV CWUATOY TOU TEOEPYOVTOL Omd T
veTpivo pe to aviyveutxd péoo (to Yohaoowd VERS, TO VERS TV AWVKV 1 Tov Té-
¥0). To pwe 6TOUC POTOTOAMATAACIUCTES YENOHLOTOLETOL VIO TNV VOXOTOUOXEVT| TNG
xatebduvong Tou VETpivo XL TNV exTiunom Tng evEpYELdC TOU.

To mnieoxomo vetpivoy KM3NeT etvon pior unodouy| tnheoxomiwy vetpivwy mou Ja
toro¥etndoly ota Bdin Twv Yahacowy xou cuyxexpuléva ot Meodyeo Odhacoa. To
KM3NeT ctoyelel atnyv aviyveuon vetpivwy and yoaradlonés xou e€wyoladloxée mnyég
TapaywyNS veTpivo. Auth 1 SlateiBy) Teplypdpet uio LEYOBO YLoL TNV AVUXUTACHELT TN
evépyelag povioy xan vetpivev 6to tnheoxomio KM3NeT.

Y10 TPOTO XEQPIAAO TEQLYPAPOVTOL Ol TNYES XU OL UNYUVIOUOL TUpaYwYhHS TOV
XOOUXOY axTiVWV xat Twv VETpivwy. Ot xoouxéc axtiveg agopoly o TpwTovia 1
BoplTtepoug TUEHVES LPNADY EVERYELDY TOU ELCERYOVTAL TNV atudGPaipa Tng I'ng e
wotpomxny eor. H olvieon xa n pory auvthic e wotpomxic axtivoBoriog xodog
AL O OYNUUTIOUOS EXTETOUEVWY XATUOVIOUWY e&outiog TG aAAnAenidpaong twv vn-
AOEVEQYELUXDY POPTICUEVWY OWHATOIWY 6 TNV atuocaipa tng I'ng €yel peretniel and
OLdpopar meEtpdpaTa. (26TOCO, AV X TO PACUN TWY XOOUXOY oxXTiVWY €xel ueTenel
oo BLOPOPETIXG TELRYUOTA, 1) TEOEAEUGT) ToUg Tapauével dyvwotn. H éhkewhn yvoong



TNC TROEAEUOTC TWV XOOUXAOY aXTIVOY xoddC oL 1) TEPLORIOUEVT YVOOY Tou unio-
EVEPYELOXOU UEPOUC TOU QPACUATOC Toug Blvel winon otig avalnthoelc yia Tny €dpeo
VETRIVWY LVPNAGY EVERYELOV.

To @doyo TV xooux®V axtivey extelvetal o€ TOA) LPNAES EVERYELEC UTOONAWVOV-
Tag €TOL TNV UTORE N A0 TROPUOIXMOY TNYMY LXOVOY VoL ETLTOY OVOUY CWUATIOI OE AUTES
g evépyeteg. O xoouxés axtiveg, Ouwe, dev Umopoly Vo 0dNYHoOOUV GTOV EVIOTIOHUO
TWV 0GTEOPUOLXWY TNYWY antd TIC oToleg TpoHAvay xo®g eXTEETOVTAL antd YoAAELXd.
xan Ororyoholaned pory ynTind medior aAAdlovTag TNV apyxr Toug diebduvor. Evtoltol,
oL TNYEC TUPUYWYAS TWV XOOULXWY OXTIVWY OVIUEVETOL VoL TOEdYOUV VETEIVO LPNAGY
EVEQYELDY UEOW TV OAANAETIOPACEWY TWY XOOUXWY aXTiVwY PE TNV AN Yéoa 1) YUpw
amo TNV TNYY. LOPQVO PE VewENTIXd UOVTEAR, To VETPIVO TapdyovTtal OToV TewTo-
via 1) TUPNVEG OAANAETIOPOLY UE TO TAdoUa 1 To TEdio axTivoBoliag Yéoa 1 yOpw amd
TV TINYN: 1 ahAnAenidpan auTr odnYeEl oTNV TopaywYT| ToViwy, To oTolo ToEdyouV
évar vetpivo nhextpoviou xou dVo vetplvo woviou (77 — pt 4+ v, 77 = pT + 7, xa
pt = et Uy ve, pm — e v, e ). ‘Ocov agpopd otV mapaymyy Vetpivo, oL Tpelc
YEUOEIC TUPdYOVIAL OE TOC00TO Ve & vy t Yy = 1 1 2 1 0 xotd T Sdpxeio didomna-
one Twv Toviny. 26T600, Ol THAAVTWOELS VETPIVO UETATRENOUY QUTO TO TOGOGTO OE:
Ve 1V tvr = 1:1:1 péypl va gtdoouv otn I'n. Ta udnhoevepyetoxd, @euyoréo xon
acVEVOS IAANAETOPOVTA VETEIVO TAELOEDOLY AVETNEENC T Amd TNV TNYTH TUEAYWYHS
Toug ot I'n xou n aviyveuor| Toug umopel va TapEyel TANPOYOpRiES Yol TNV TEOEAEUOT)
TWV XOOUXGOV OXTIVOY, TOUG UNYAVIOHOUE TOQXYWY NG TOLU AaBAvouy Ymeo oTny TNy
X0l TNV XOTAVOUT] TV TNYOV VETEIVWY 0To X0OUToy.

ALdpopeg xUTNYOPIES ATTROPUOIXMY AVTIXEWWEVWY EYOUV TROTAEL ¢ UTOPNPLES Yia
TNV EMTAYUVOY ooUoTdiwy. O miavéc mnyég napaywyng veteivwy uropody va tagivo-
undolv oe mnyég yohollaxhc xon e€wYoAalaxAc TEOEAEUONS. XTIG TNYES TPy WYHS
vetplvwy yéoa ato Nahaio cuunepthauPdvovton uetald dAA®Y Tor UToAelppato exprie-
OV COUTEEVO[a, aEpLa VEPEADUATA OO TEAGUL Xl BUUBXE CUCTAUAUTH ACTEQKY TOU
EXTEUTOUY oxTvoBoAior GTor urun xOpatog towv axtivwy X. Ou mboavég mnyéc mapayw-
YhC VeTplvev eEwyahalaxhc TeogAeuomg apopoly Ge evERYOUS YOAXELXOUS TUPHVEC,
exAdudelc axtivewv v, yoho&lec ye peydho TANIUoUS Ao TERWY UE PEYAAN walo xordede
xou VETplvo Tou TpoépyovTol amd TNV oANAETIBEAOT XOOUXOY axTiveyy TOAD LPNAGY
EVERYELDY PE POTOVL TNG axTvooAiag urofdipou.

Extég and o vetpivo mou mpogpyovTan and acTeoQUoIXES TNYES, UTERYOUV Xou To
ATUOCPOUEXE. VETEIVO TIOU TOEAYOVToL XOTd TN SLIEXEL TN AAANAETIBEAUONC XOOUIXWDY
oaxtivwy oty atpoéopopa Tne I'mg. Avdueoa ota S owpatidiar Tou ToEdYoVTaL GTOUG
XATOLOVIOUOUE, UOVO ToL VETEIVO X0l Tal ULOVLOL TOU Ty OVTAL XATd TI AV TIOPACELS (POop-
TIOPEVOL PELUATOC TWV VETEIVO, UTopoLY Vol GTACOUY To UTOVAAICTLO TNAEGHOTILA Ve-
teivwv. Ta atyoogoupxd yiovio amoppopoLvTon and tn I'n xaw €tot unopodv va gTdcouy
OTOV VLY VEUTY HOVO amd xateudivoelc tdvew and tov opilovta. Evtoltolc, anoteloly
€vo oo Ta T onuayTd uToBadpa yior Tov aviyveuty|. T'a var yewdoouy to undPBadeo
TWV ATHOCHUEXWY WoVikY, T TNAEoxOT VeTpivwy Tomodetolvton o ueydha B
(opXETMV YINOUETPOVY) XoDMS 1) POT| ATHOCPAUEXMY LOVIKV UELDVETOL CNUOVTIXG UE TNV



avgnon tou Bddouc. e avtideon ye Ta ATHOCPOUEXA ULOVLY, TA ATHOCHPOUEXA VETEIVO
(PTAVOUY GTOV OVLYVEUTH] amO OAEC TIC XATEVVOVOELS ARG OV VEVOVTAL ALYOTERO GUY VA
eCoutiog TG uec miavotnTog ahAnienidpaoric Toug. AV xon To ATUOCQaLELXd VETEIVO
amoteholV Eva LTOBadEOo Yiot To TNAEOHOTLA VETEIVKDVY oL €lvan BUOXONO v petwiel, o-
notelolV Uia TNy n Borduovouncng Tou aviy VEuTr xou Pl amodEE T TS ey e Aettoupyiog
Tou TNAEoxoTiou VETPIVOV.

H aviyvevon twv vetpivwy ota untodordooia tnheoxomio vetpivey Booileton otny a-
VIYVEUGT] TOU PWTOC TOU EXTEUTETOL XUTA T1) BIEAEUCT) TWV COUTIOWY TIOU TEOERYOVTOL
amo To Vetpivo péoa oto Yohaoowd vepd. H apy aviyveuone ota tnieoxomia vetpivey,
oL avTdpdoel TV VeTpivwy ue T I'n ¥ to Yahaoowd vepd xon 1 Tomoloyio TV YEYO-
VOTWV TOU oLy VEDOVTOL GTO TNAEOXOTLA VETEIVWY TEPLYPAPETAL GTO DEVTEQRO XEPIANLO
auThc NS otateBric. EmmAéov, avagépovtal ol xupldtepeg tnyéc unoPdipou ota uTto-
Yohdoota TRAEoXOTIO VETRIVWDY Xai YIVETAL (Lol GUVTOUY| ETLOXOTNOY TV THAECKOTIWY
IceCube xan ANTARES.

H adAnienidpoom @opTioyévou pebuoatog Tou VeTpivo Tou uioviou mou odnyel oty
TAEAY YY) WLOVIOU OTOTEAEL TO ONUAVTIXOTEPO XAUVUAL OIAOTAONG YLl TNV ACTEOVOM(o
vetplvowv. H aviyveuon twv yoviwy mou diamepvolv T I'n eyyudtow v npoéheuc
Toug amd VeTEivo xomg XoVEVI GAAO YVOOTO cwuatidlo dev umopel va dwaoyioel
I'n. 'Otav éva opTiouévo cwuatidlo Tagldelel oe €va BIAEXTEXO UECO ToyUTERD AT
™y o 0TIl (QAomMS) TOU PTOE 6TO UECO aUTO, TO YOS TOU EXTEUTETOL O Tol Dle-
YEQUEVA HOPLOL XOUTA UNAXOE TNS TEOYLAC TOU CWUATIO0L dNULOLEYEL EVal YoEUXTNELO TIXO
AWOVO PTOC, Tov xwvo Cherenkov. Ytny mepimtwon twv ploviny, ta omolo Tagldcbouy
UEYdAES amooTdoel 6T0 YaAaoowvo VERO TPV YACOUY TNV EVEQYEL TOUG, OTUT| 1) Yo-
eaxTNELoTIXY Ywvio extounic gotovioy (43°) yeNoWOToLELToL Yo THY AVOXUTUGXEUT
TNC TEOYIAC TOUC. XE UEYUAES EVEQYELES, 1) TROYIA TOU VETEIVO elval GYEDOY CLYEOUULIXY)
UE TNV TEOYLE TOU WOVIOU OTIOTE 1) AVUXUTUOXELT TNG TEOYLAS Tou Uioviou odnyel oTov
TPOGOLOPICUO TNG TEOYLAS TOou VeTplvo amd To onolo mpohile. H avoxataoxreuv| tng
TeoYLdc Tou woviou Pactleton oty axeBr) avoxataoxeur) Tou xwvou Cherenkov. I'o
aUTO TO AOYO, TA VLY VEUTIXA GToL el EVOC TNAEOXOTIOU VETRIVWY TEETEL VoL TOREY OLY
TOND xahfy ypovixt| oxpifela (o€ eninedo ns) xou mapdAAnAol Vo UTopolv Vo aviy VEU-
GOUV UEUEOVWUEVA POTOVIN. Ol POTOTOAATAACLIGTEG €YOLY AUTEC TG LWOLOTNTES Xl
YENOWOTOLOUVTOL (C TOL TLO XATAAANAL VLY VEUTIXG GTOLYEl OTA TNAEOHOTILA VETRIVOY.

Ta unéPadpo oTar UTOVAALGOLOL TNAECKOTIAL VETEIVKY ATOTEAOUVTAL UG TO (PUGLXO
UTORUPO TWY ATHOCPAUEXDY VETEIVKV X0l OVIWY (0TI TEPLYPAPNXE AVOTER®) XoL
an6 umoBadpa mou ogelhovTon oe TEPBAAAOVTINOUG TaPAYOVTEG. MTo TEAEUTHLO TIEPL-
AapfBdvovia to padievepyd K xau 1 Plogwtadyer. Eidiétepa, to K eivor 10 o
dpiovo padlevepyo ototyelo 610 Yohaoovo vepd. Ou BLaoTdoELS TOU BNULOURYOUY Pop-
TIopéva cwuotidla T onola xatd TN BIEAEVCT) TOC UECU 0TO YARAOOVO VEROH TORAYOLY
poTova. Xe avtideon ye to Cherenkov gowtévia mou mpoépyovton amd To UOVIo, To
uTOVIN TOU TPoéEyovTaL and Tic daondoeic Tou 0K dev eugavilouv ypovixd cucyé-
Tiom Yetagd Toug xoun £TaL UTopoly VoL Blaywelo ToOV {NTMVTIG YPOVIXEC CUUTTAOOELS OF
yertovixolg potonolanhactactéc. H Pogwtadyela agopd 610 Qo¢ mou exméunston



amd Cwvtavoig opyoviopolg mou Louv otr Badd Ydhacoa. H évtacn tou gwtdg mou
TpoépyeTon amod T BroguwTtadyeta xat 1) Sidpxeta Tou govopévou TouxiAel. o topddery-
o, T Poxthplor TEEVOLY VoL EXTIEUTIOUY P GTAVERS Yial UEYAANL YPOVIXE DLUG THUATO TOU
OLaEXoLY o UEPMEC WPES S UEPXES UEREC EVW opyaviopol ueyahiTepou ueyédoug
EXTEUTIOLY PWE OE EXPNEELC UE DLAPXELN UEQIXWY OEUTEROAETTOV.

Ta mo npdogata Tnheoxdma vetplvwy eivar to ANTARES xau to IceCube. To tn-
heoxomo ANTARES elvon to mp@to tnieoxomo vetpivwv otn Meodyeio Odhacoo. H
novTion Tou Tnheoxoniov ohoxhnewinxe to 2008 xou anoteAelton and 885 onTxd G TOL-
yeto. To tnheoxdmo ANTARES xoOnter évoy oviyveutixd éyxo mepinou 0.025 km?
xan amotelel Tov Tpoddpouo tou tnheoxorniov KM3NeT nou Yo tomodetniel otn Me-
obyelo Odhacoo xou Yo xoAOTTEL OYX0 UePXDY xUBIXWY Yihopétewy. To tnheoxdmio
vetpivwv IceCube éyet dyxo 1 km?3 xou ebvon Tomodetnuévo oTov téyo tne AvtopTixTic.
Arnotehel 1o peyahltepo Tnheoxdmio vetplvwy pe 5160 ontixd ctouyeio oe Bddog and
1450 €w¢ 2450 m. To tnheoxdmio vetpivewv IceCube mapatripnoe yio meodTn Qopd pot)
VeTpivwv ToAD LPNAGY evepyeldv. Ewbixdtepa aviyvevoe 37 vetpivo pe evépyeta (tou
evanotédnxe péoo otov evepyd byxo aviyveuonc) teptocdtepn and 30 TeV éwe 2 PeV.
Ipbogata, aviyveltnxe éva povio Tohh uhninc evépyelag mepimou long ue 2.6 PeV
(£0.3 PeV) 1o omnolo diéoyioe tov 6yx0 TOU aviyveuth. Autr 1 Tiwr e evépyelog
TOU ULoviou ToU eVUTOTEYNNUE UECU GTOV OYXO TOU QLY VEUTT], AVOUEVETAL ATO ULOVIO UE
evépyeln and 4 €wg 5 PeV anotehdvtag o Wiovio e T ueyahltepn evépyelo Tou ExEL
noté mapatnenUel.

‘Onwg €yer avageplel napandve, to KM3NeT eivou éva dixtuo unodordooiwy -
heoxoriov vetplvwy mou Yo totodetniel ot Meodyeio Odhacoa. To KM3NeT arno-
tehelton amd BV0 BlaPopETHOVE OYNUATIONOVS aviYVELTQY, Tov aviyveuty ARCA xou
Tov aviyveuty ORCA. O oviyveutic ARCA eivon €vol TnAEoxOTO VETRPIVOV dpXETDV
HUBXAOY YIMOUETEWY TIOL GTOYEVEL OTNY aviyVeuoT veTpivwy LPNAOY evepyel®y (oTny
nepoy) Twv TeV) and yoholioxée xa eoyoholioxnés mnyéc. O aviyvevtic ORCA
XAAUTITEL EVOY OYXO OEXETWY XUBIXWY PETPWY Xol GTOYEVEL 0T PETENOTN TNS Lepapyi-
o¢ Lal®V TWV VETPIVOVY YENOLOTOLWVTOC TI TUAAVTMOOELS TWV ATUOCPUPIXMY VETEIVWY
(ot meptoyn Twv GeV) nou daoyilouvy tn I'n. To dixtuo aviyveutyv KM3NeT xau
eldxotepa 0 aviyveutric ARCA neprypdpeton 010 Tpito xe@diaio. Ye autd To Xe@dhao,
TUPOUCLALETOL O GYEDBIAOUOC TOU AVLYVEUTT] X0l TEQLYPAPOVTOL To O TOLYEla aviy VELUTTS,
1 AVAXTNOY OEQOUEVGY XOL Ol TEYVIXES Ol WELOMOU Tou GHUNTOC antd To LToBddpo.
Y10 (810 xEPIAoLo BiveTon Lot GOVTOUN TERLYPAPT] TWV TUXETWY AOYLOULXOU TOU YE1NOL-
HOTIOLOUVTOL YL TIC TROCOUOWWOELS VETEIVWY xat wovieny ye tn pédoodo Monte Carlo.

H mpdtn @don tou aviyveuty ARCA anoteleiton and 600 douixéc povddeg mou Yo
Torodetnioly oe Bddog 3500 m oty meployy| Tou Capo Passero, avoatohixd tng oxtrg
e MixeMag, xou Yo xaAUTTOLY Evay EVERYO OYXO TERITOU £VOS XUPBXOU YIAOUETEOU.
Kdde Souuxry povdda eivon pior oyeddy xuAvOpLxn oviyveuTx| SLdTolr Tou amoTeAEl-
Ton amd 115 aviyveuTinég UOVAOES, TOU avVapPEROVTOL WG CEREC. LTNV TEAXT QdoT, O
aviyveuthic ARCA do anoteleiton and €€L BopxéS OVABES GUVIGTWVTAS €V OYXO avi-
YVEUOTIC UEXETEV XUBXOV YIAOPETEWY (oL EE0ETETOL AId TNV OOC TUCT AVAUESO O TLC



oepéc aviyvevone). Trdpyouv dhkec 800 TEOTEWVOUEVES TEPLOYES EYXATACTUONG TWY
UTOAOLTWY TECGERMY BOUXMY HOVABKY TOL aviyveuTy): 1) eptoy?| Tne Toulon ye Bddoc
2475 m xau 1 teptoyr| Tne IIVAou 610 avatolnd Iovio ue tpla mbdavd Bddn ota 5200 m,
4500 m xou 3750 m. Ov QUOKES, YEOPUOIXES XAl WXEAVOYRAUPLXES LOLOTNTES UTWOV TV
TEPLOY WY EYOLY PeEAETNUEL BLEOBLXA XL LXOVOTIOLOVY TIC AMOLTACELS YLl TNV TOTOVETNON
eVOC TNAEoXOTHOU VETEIVWVY. MUYXEXPWEVA, TO VERO GE AUTEC TIC TEPLOYES €YEL TOAD
XUAEC OTTIXEC WBLOTNTES, YoUNAd T0c0GTd BroguwTtadyetag xou Boxtnelaxrc evandieong
ot OTTXE G ToLyElol TOU ALy VELTH, YoUNAES TayUTNTES TV VohAoCiwY PEVUATOY Kol
uxen) miavotnta va cufoly loyupég oelopxéc dovroeg. Emniong, ol meployéc autée
elvol apxeTd ®0VTA O TNV 0XTH DIEUXOALYOVTUG TNV TOTOVETNOY) TOU OVLY VEUTY| X0 UELC-
VOVTOG TO XOGTOC XUAWOIOU Lol TopOY Y| PEVUATOC Xl UETUPOEE DEBOPEVWY amd TOV
AVLYVEUTY| GTNY 0XTH.

Kdée oepd aviyvevong tou tnheoxoniou ARCA éyer 18 ontind otouyeio mou etvan
Tomo¥eTnuéva xataxdpupa o anoécTaon 36 m petall toug. Kdlde oepd aviyveuorng
el Uog mepimou 600 m eved To TEHOTO onTXG GToLyElo anéyel Tepinou 100 m and Tov
nuduéva. O oelpéc aviyveuong otepenvovton Ye tn Pordeta dyxupoac otov muduéva
xan dlaTneolvTon ot xataxopuen Véon ue TN Pordeia mAeucThpa oty xopupt]. Kotd
UMXOC TV OELROY aviYVEUOTC UTHEYOLUY OTTIXONAEXTEIXA XUADOLYL Yiol TaEOY T PEVUO-
TOC GTA OTTLXA G TOLyElol XOL XOUAWOLAL OTTIXDY WOV YLl ETxovwVia e TNy oxtr. Kdde
omtix6 otowyelo elvon pio yudhvvn ogoipo (aviextixh otic udmiéc méoelc) pe didue-
Te0 17 wvtody (432 mm) oty onola elvor totodetnuévol 31 GOTOTOAATAACIAC TG UE
euPoadd pwtoxadddou nepitou 3 wtoov (72 mm) poali ye to nhextpovind toug. Kdbe
POTOTOMNATAACLIC TS TEPYSAAAETOL ATd XATOTTEO XWVIXOU GYNUATOG TOU oUEAVEL TN
OLdpeTeo TN puToxadodou ot 95 mm. Autd 10 xwVKd xdTonTeo Bonddel va GUAAEYOV-
oL PwToVIaL Tar omtolar B Vo aviyvebovtay dlagopetixd. Méoa oe xde ontixd ototyelo
umdpyouy, eniong, uio TUEida, €va xACLOUETEO xat axous Tixol melonhextexol aucdn-
TheeS ot omolol emTeénouy T Baduovouncn tng YEone TwV PuTOTOAATAACIICTOV [UE
axp{Beia 10 cm. H oxp{Beio otn ¥éomn xan ) Sieduvor 1oV @uTOTOAMATAACLIC THOV
OE GUVBUUOUO PE TOV 0XEUST| YPOVIXO TEOGOLOPIOUO TWV TUAUMY, TOU EMLTUYYAVETOL UE
axp{Bela 2 ns, elvor amapalTnTn Yiot TNV oxEUST| AVAXATACKELT] TNG TEOYLIC TOU Uioviou.
H Boduyovounon tou ypdvou TV @uTOTOMATAAGIAO TGOV TEAYHATOTOELTHL GTNV oXTh
TPV TNV TOVTION X0t 6T cUVEYEL Topaxohovdeitan pe ) Bordea Aéwlep (laser) mou
elvon Tonovetnuéva oto Budd xou LED T onola etvon tomodetnuéva péoa otor onTixd
otoyeio. To OedouEva TOU GUAAEYOVTOL GTOUS PWTOTOAMATAACIICTES UETAPEROVTOL
ota xouttd ohvdeong mou elvon Tomovetnuéva otov Tuduéva xon and exsl oY oxTY
HECW EVOC BIXTVOU OTTIXONAEXTELXWY XOAWDLDV.

Ot pWTOTOAUTAACIOG TEC XATAYRAPOUY TO YEOVO APIENG %ol TO TAATOC TOU PWTOG
Cherenkov mou exméumeton amd Tor LLOVIAL X GAAOL POPTIOUEVO CWUATIOWL XATE TN OLé-
Aevot| Toug and 1o Yahaoowd vepd. To guwg mou xataypdgetal yenoylonoteital yio
TNV OVOXUTIOXELY) TNG TEOYLAC XU TNG EVERYELNS TWV ULOVIWY X0l XATE CUVETELL TGV
vetpivwy. H xoateduvon tou vetplvo elvar oyedov cuyypouux ue autr Tou ploviou
yio vetpivo uhnhav evepyeidv. Etol, 1 avaxatooxeur tne tpoylds tou uoviou odnyel



GTOV TPOoGdloplond Tng xateduvong Tou vetpivo. O akyodpriuog mou yernolponolelton
YL TV OVAXATAOXELT]) TNC TEOYLAS TOV UOVIWY TEQLYPAPETIL GTO TETUPTO XEPIANO
auThg NG Owaxtopc dlateBrc. Autdgc o ahyderiuog avaxatooxeurc ovoudleTol
Chameleon reconstruction xou amoteheiton amd 600 péern. To éva uépog etvan 1 avary ver-
pto” TEoTUTWY 1oy TepthaufBdvel ahyoplduoug yior TNV EMAOYY xaL TNV TaEVOUNoT TOV
TUAUOV GTOUC POTOTOAATAACLAC TEG XL TO OEVTEQO UEROG APOPE GTNV AVUXATUCHELY]
NS TEOYLAS TOU ULOVIOU TIOU TEAYUAUTOTIOLE(ETAL UE EVay ohyOpLIUO ENXYLOTOTOMOTE TOU
¥2. Y10 mefpogoa KM3NeT undpyet xon pio dAhn uédodoc avoxotaoxeuhc Tne Teoytdc
Tou Woviou, 1 omola yenotdomolel pla cuVaETNoT TUXVOTNTIC TAVOTNTOC Yid TOV TTROO-
dloptopd g xotebuvong tou uoviou. Autdg o alyopriuoc ovoudletar recoLNS xou
1N o0yxpelor) tou ye to Chameleon, yetd amd Tig BeATIOOE TOU TRoypaTOTTOW dNXaY,
TEQLYPAPETOL GTO TETUAPTO AEPXAALO.

H ovoxataoxeuy| tng evépyelag Tou woviou xou Tou vetpivo eivon (wTxrg onuooci-
oc yio T TnAeoxoma vetplvwy. To @doua Twv VETpiVY aeTRoQUOIXNC TEOEAEUOTC
TIOL GLUVIGTOUV TO GHUO TOU OVLYVEUTH EXTEIVETOL OE UPNAOTEREC EVERYEIEC GE TyéoM
UE TO LUTOPBAIPO TWV ATUOCPAUEIXWY VETEIVWY TTOU (PTEVOUY GTOV OVLYVEUTIXO OYXO %ol
mpocopoidlouy to ofua. H extiunon tng evépyelog elvar, hoimdy, amapaltntn Lo TO
OLOYWELOUO TWV VETPIVWY X0l TWV ULIOVIWY, TOU TEOERYOVTOL Ano aVTIOPACELS POPTIOUE-
VOU PEVUATOC TWY A TROPUOIXMY VETRIVWY UE TO VERO 1 TO Bpdyo Ylpw (xdtw) amd tov
VLY VEUTT|, OO TaL ATLOCQouEXd VeTeivo xou wovia. Emmiéoy, n extiunon tng evépyelog
ebvon xafplag onuactag yio 0Ldpopeg UEAETES TTOL APOEOLY GTOV TEOGOLOPIGHUO TWV TY WV
VETEIVWY, OIS EPEVVES YO OUELIXES TINYES ORI WY TS VETEIVWYV.

H pédodog unoroylopol tng eVERYELC UOVIKDY Xl VETEIVGDY Tou avomtUydnxe, me-
PLYRAPETAL OTO TEUTTO XEPIAoLo auTrg Tne OtteBng. T Tnv avexataoxewy| ng e-
VEPYELOC TOU Uioviou ot Tou veTpivo exmandedtnxe éva Nevpwvixd Aixtuo 1o onolo
elonyInooy xatdAAniec UeTofBAntéc mou eupavilouy dueson e€dptnon Ue TNV evépyela
Tou Woviou. Ot ueTafBANTéC aUTES apopoLGaY GTOV APLIUO TWV OTTIXWY CTOLYEWY XoL
GTOV PO TWV POTOTOANATAACLIG TGOV TOU EYOUV OVLYVEVGEL TOALOUS, GTOV dpliuod
TWV PWTOTOAATAACIACTOY TOU OEV €YOLY aViy VEUGEL TaAUoUE Tapodho oy Bploxovton
070 Uétwro tou xVuatog Cherenkov xat 6Tov OAMxS YEOVO TV TUAUGY TEVE omd TO
xatdPAL. Auth 1 u€dodoc UTOROYIOUOU TNG EVERYELIC EPUPUOCTNXE GE YEYOVOTA TIOU
elyav avoxataoxevacVel Ye Toug dLo dlapopeTxols akyoplduoug, To Chameleon xou
7o recoLNS. Ta anoteAéopata xou 0TI 000 TEQITTOOELS HToy TOAD XAAd EV® 1) EVEp-
YELT) SLoXELTIXT] XatvoTNTaL ToL eTULTELYOnxe avTioTolyel ot mepimou 0.25 yio yioviar pe
evépyeleg oty epoyn Twv TeV. H avaxoataoxeur tng evépyetag tou vetpivo mporyuo-
TOTOLUNXE VLot YEYOVOTA ToL OTIOloL OAANAETLOPOVY UEGO GTOV OYXO TOU ALY VEUTH WO TE
VO UTOPOUY VoL oVl VEUTOUV ToL POTOVLOL ATO TOV UBEOVIXO XUATALOVIGUO XAl TOL (POTOVLOL
Tou TpoépyovTal and T SiEAEUCT) Tou woviou oTo Yahacowd vepd. To ta yeyovota
TOU OV AAANAETIOPOUY UECU GTOV eVERYO OYXO aviyveuong umopel vor utoloyiotel uo-
VO €V XOTWTEPO OPL0 TNE EVERYELNS TWV VETPIVWY TOu avTIGTOLYEl GTNV EVEPYELX TOU
Hoviou, xomg ToL PWTOVLOL ATO TOV ABEOVIXO XATHUOVIOUO BEV UTORPOVY VoL avly VEUTOUY
ATO TOUC POTOTOANATAACLIC TES.



Y10 éxto xepdhato authg g StotetBric utoroyiletan N Tiwr Tne evatoinolag (sensitivity)

TOU AV VEUTH Xat Tng duvartotntog avaxdhudne (discovery potential) vetpivwy ye to
tnieoxomo KM3NeT — ARCA hopfdvovtog unddn tnv actpo@uoxt| por vetpivwy -
e Yeteinxe and to melpaua IceCube. H euonoinoia tou aviyveuts| elvon 10 xahOTepo
opto mou umopel va tedel 01N pot| VeTplvev antd ula acTeopuoxy| TNYT o éva Bldo U
eumiotoovvng (90%) av Sev et aviyveudel oo, H duvatdtnra avaxdhudng avtiotor-
YEL 0T PON) TOU TEETEL VoL EYEL 1) TNYT) TOEAY WY NS VETEIVWY OO TE oy UTHEYEL OGN ATt
vetpivo vo aviyveteton pe Befardtnta bo oe éva tocooto (50%) twyv mepaudtwy. T
TOUC TORATAVE UTOAOYIOHOUS YPTOULOTIOLELTAL 1) OVOXAUTOGHEVICUEVT] EVEQYELX TOU ULO-
viou. Me autd Tov Tp6TO 1) TEPLOPIGUEVT axp{BELol GTOV TTPOGBLOPLOUO TNG EVERYELOG, TTOU
AVTIOTOLYEL GTNV EVERYELONY| BLOXELTIXY IXavOTNTaL TNG HeVddou, elodyel yio affefadtnta
6Toug Topamdve utohoylouols. H afefodtnTor autr unoloyictnxe xou oploTtnxe éva
oo TN aeBodOTNTAC OTO OO0 AVAUEVETOL VoL XUAEVOVTAL Ol TWES Yial TNV euonovnota
xan TN duvatoThTa avaxdAudng vetpivwy pe to Tnheoxdémo KM3NeT — ARCA.






Abstract

Humans were always curious about the sky and the unveiled mys-
teries of our Universe. They started observing the sky with tele-
scopes detecting photons at different wavelengths of the electromag-
netic spectrum. Photons are widely used in astronomy as they travel
in straight lines and come directly from the spot of the sky whence
they originated. However, photons can be absorbed by interstellar
matter thus not reaching the Earth when traveling intergalactic dis-
tances. On the other hand, charged particles, that can also be used
as cosmic messengers, are deviated by magnetic fields, reaching the
Earth with different directions than their initial ones. In this way,
charged particles cannot provide information about their point of

origin in the sky.

Unlike photons or charged particles, neutrinos can emerge from
deep inside their sources of origin and travel undeflected across the
universe. Neutrinos, being neutral, do not interact with magnetic
fields and are not absorbed by interstellar matter thus pointing back
to their sources. These properties make neutrinos ideal for cosmic
messengers. However, neutrinos interact weakly with matter and
large instrumented volumes are necessary in order to detect neutri-
nos in sufficient statistics to trace their origin. Neutrino telescopes
are deployed in the sea, lakes or ice and aim to detect neutrinos that
have crossed the Earth and interact in or in the vicinity of the tele-
scope. Neutrinos are detected indirectly, by the light collected in
photomultipliers during the interaction of neutrino-induced particles
with the medium (sea/ lake water or ice). The light in photomulti-
pliers is used for the reconstruction of the neutrino direction and the

estimation of the neutrino energy.



KM3NeT is an infrastructure of deep-sea water neutrino telescopes
in the Mediterranean Sea. This neutrino telescope aims to detect neu-
trinos from galactic and extragalactic neutrino sources. This thesis
describes a method for the muon and neutrino energy reconstruc-
tion for the KM3NeT neutrino telescope. In the first chapter, the
sources and the production mechanisms of Cosmic Rays and neutri-
nos are described. The detection principle of neutrino telescopes and
the signal and background sources are outlined in the second chap-
ter. In addition, the main existing neutrino telescopes are presented
in this chapter. In the third chapter of this thesis, the KM3NeT
project is discussed providing information about the detector design,
its detection units, the data acquisition and event triggering pro-
cesses as well as the software packages used for the Monte Carlo
simulation of neutrinos. The algorithm used to reconstruct the di-
rection of the neutrino-induced muon tracks, and consequently the
neutrino direction reconstruction, is described in the fourth chapter.
The performance of this reconstruction is presented before and after
the improvements that were made and the results are also compared
with another track reconstruction package. The muon and neutrino
energy reconstruction is described in chapter 5. The method that was
developed for the muon and neutrino energy estimation is analysed.
This method employs a Neural Network with appropriate input vari-
ables to determine the muon and neutrino energy. The energy resolu-
tion achieved with this method is approximately 0.25 in log,y E,, for
muons at the TeV energy range. Finally, the sensitivity and discovery
potential of the KM3NeT neutrino telescope for the detection of high
energy neutrinos from astrophysical sources is discussed in chapter 6.
The astrophysical neutrino flux that was recently measured by the
IceCube Collaboration is used and the uncertainty introduced by the

energy estimator is investigated.
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Cosmic Rays and Neutrino

Production

1.1 Cosmic Rays

Cosmic Rays (CRs) are high energy protons or heavy nuclei that enter the at-
mosphere of the Earth with an isotropic flux. Their initial detection lies back
in 1912, when Victor Hess discovered, during his balloon experiments, that the
ionizing radiation, already detected on Earth, increased with increasing altitude.
In the following decades, several experiments studied the composition and the
flux of this isotropic radiation and the form of extensive air showers due to the
interaction of high energy charged primaries with the atmosphere. Although,
the Cosmic Ray spectrum was measured by different experiments, the origin of
CRs remains a mystery. This lack of knowledge for the origin of CRs along with
the limited knowledge of the high energy part of their spectrum motivates the
searches for high energy neutrinos.

The spectrum of CRs extends to very high energies thus suggesting the exis-
tence of astrophysical sources able to accelerate particles at such energies. CRs
though, cannot point back to the astrophysical sources as they are deflected by
galactic and intergalactic magnetic fields. However, the sources of CRs are ex-
pected to produce high energy neutrinos via the interactions of CRs with the
medium in or around the source. The detection of high energy, elusive and
weakly interacting neutrinos can then provide information about the origin of
CRs, the production mechanisms taking place at the source and the distribution

of neutrino sources in the Universe, as neutrinos can travel undeflected from the
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Cosmic Ray Spectra of Various Experiments

- 4 _ _ . -
= 10 — +  LEAP-satellite
= =+,
o 102 % . % Proton - satellita
= Fled ~
= + (1 particle/m®-se ') E+d Yakustk - ground array
8 -q*k.. dh Haverah Park - ground array
= 107E i Z o Akeno - ground array
NE = s IS AGASA - ground array
'-; - a Fly's Eye - air fluorescence
= 10‘4 = #* HiRas1 mono - air fluerescance
w = w o HiRes2 mano - air flucrescence
[ HiRes Stereo - air fluorescence
1 0-7 = [m] Auger - hybrid
= = H
1010 Ty Knpe...,
(1 particle/m”-year)
L 2,
101
10718 Y
10
= B
22 1. (?6\ Ankle
102 | %
%, particielkm’-yoar
= ®, s,
= o €
P
-25 (=] ~
1071 =t b
~ iy & A 2
- “’zj = {1 particle/km®-century}——> L
10-23 - i i %
L

10 10" 10" 10" 10" 10" 10" 10" 10" 10'® 10" 10*°
Energy (eV)

Figure 1.1: The Cosmic Ray spectrum as it was measured by different experiments

[1].

source to the Earth.

The spectrum of CRs, the possible mechanisms by which they are accel-
erated and the theoretical models that predict the production of neutrinos at
astrophysical sources are discussed in the following sections.

1.1.1 The Cosmic Ray Spectrum

The Cosmic Ray (CR) spectrum as it has been measured by different experiments

is shown in Figure 1.1. This spectrum can be described by a power law:

AN/dE x E™7 (1.1)

where v is the spectral index and corresponds to v ~ 2.7 for energies up



1.1 Cosmic Rays

to approximately 3 - 10!5 eV. Above this energy, the spectrum becomes steeper
with v ~ 3 and this change of slope is referred as the knee, while above energies
around 4-10'8 eV, the spectrum becomes harder again, entering an energy region
which is known as the ankle [2].

For a relativistic particle with electric charge q and energy E in a magnetic
field B, the radius of gyration is given by the Larmor radius Ry, = E/q- B. In
the Galactic magnetic field protons with energies up to 10'® eV have a Larmor
radius which is smaller than the size of the Galaxy and so can remain confined
to the Galaxy. For energies up to the knee CRs are therefore thought to have
a Galactic origin. According to many theoretical models, the knee signs the
energy region in which the composition of CRs gradually changes from lighter
to heavier nuclei. These heavier nuclei have larger electric charges and therefore
need to be accelerated to larger energies in order to get similar Ry, as protons.

For energies above 10'® eV the extragalactic component begins to dominate
leading to a harder spectrum of CRs. The statistics is very small for energies
above ~ 10 eV and several experimental efforts have not managed to reach
definite conclusions about the dominance of light or heavier nuclei in the compo-
sition of CRs. The mass composition of CRs with energies above ~ 108 eV, that
are usually referred as Ultra High Energy Cosmic Rays (UHECRs), is critical for
astronomy with protons as ultra high energy protons can reach the Earth with
minimal deflection by magnetic fields thus pointing back to the astrophysical
sources of production [3]. Theoretical models suggest the interaction of these
ultra high energy protons with photons from the Cosmic Microwave Background
(CMB) with temperature at approximately 2.7°K via the A resonance, as indi-
cated below:

p+y—=-AT 5204 p (1.2)
pty— At -7t +n (1.3)

The aforementioned interaction of protons with photons from the CMB radi-
ation limits their range to approximately 50 Mpc as calculated by the formula of
the absorption length of ultra high energy protons (~ 10! eV) in the Universe
Ly~cvB =~ (ny - am)_l, where n. is the average CMB radiation density and oy,
1

the cross section of py interaction for the A resonance This limitation of

!Ultra high energy protons also interact with CMB photons via pair production. The
absorption length of protons is then ~ 500 Mpc. Pair production is thus not responsible for
the rapid decrease of the CR spectrum as it is described in [4]
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the range of UHECRs is known as the Greisen-Zatsepin-Kuz'min cutoff (GZK-
cutoff) and imposes a theoretical upper limit of few ~ 10'? eV on the energy of

cosmic rays from distant cosmological sources that can reach the Earth.

1.1.2 Shock Acceleration

The origin of CRs and in particular of the UHECRs remains unknown. Howe-
ver, the observed CR spectrum that follows a power law: % ~ E727 can be
theoretically interpreted by a diffusive shock acceleration mechanism, known as
the first order Fermi acceleration, considered as a plausible mechanism for the
acceleration of particles to the high energies observed in CRs [5], [6].
According to the Fermi acceleration mechanism, the CR particles are accele-
rated during multiple elastic scatterings with the magnetic irregularities con-
tained in the plasma of the source. The charged CR particles that are mag-
netically confined to the source, manage to escape together with the shocked
material only after several scatterings, resulting to an increase of their energy.
In particular, the Fermi acceleration can occur when two plasmas collide, form-
ing a shock at the boundary as it is shown in Figure 1.2. In the generic case,
these two plasmas have different velocities. Assuming that the velocity of the
upstream plasma flow, V;, (Figure 1.2(a)) is much larger than the downstream
velocity, V5, an energetic particle that is injected at the shock to upstream flow
will gain energy. This energy gain comes from the collision of the particle with
the fast waves of the upstream flow. Then the particle is reflected to the down-
stream plasma flow. When this particle moves downstream, it is reflected in a
collision with the downstream waves back upstream. During this collision with
the slow waves of the downstream flow, the particle looses energy. However, this
energy loss is small compared to the energy gain obtained during the multiple
scatterings with the upstream flow. Thus, the energy of the particle does not
increase significantly during one single reflection and multiple elastic scatterings
between the upstream and downstream flow are required for a significant en-
ergy gain. The particle acceleration depends on the scattering process, which
is a stochastic process, and on the presence of magnetic irregularities that act
as scattering centers. Finally, the particle escapes from the shock if it can no
longer be confined to the source or if the shock decays and ends up in free space

as a Cosmic Ray particle of very high energy.
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Figure 1.2: A schematic representation (a) and a cartoon (b) of the accelera-
tion mechanism of a charged particle in reflection at a shock. During this process
the particle is scattered around the shock being much faster than the shock. The
requirement is the presence of upstream waves and downstream turbulence or waves
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The spectrum predicted by the shock acceleration mechanism can then be
estimated. The average fractional energy gain of the CR particle every time it

goes back and forth the shock front is:
AFE (Vi1 —Va)

()~ (1.4)

where E is the initial energy of the relativistic particle entering the shock [7].
Apart from this constant increase of energy, each particle has a probability, P.s.,
to escape the shock. This probability can be derived from the ratio Rjyss/Reross;
where Rj,ss is the rate at which the CR particle enters the downstream flow and
is advected away from the shocked region together with the shocked material

W —=Va)
Z

with velocity and Rgross is the rate at which the CR particle crosses

from the upstream to downstream flow, assuming an isotropic CR flux entering
the upstream region. Then the probability for a CR particle to escape the shock
is:

Rioss — p(Vi—WV2)/4 (Vi —Va)

P... = = = 1.5
e Reross Cp/ 4 c ( )
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where p is the density of CRs [8]. The combination of these effects gives rise to
a power law spectrum:

In(1—Pesc)

AN g\ eass (1.6)

dE
where P,sc << 1and AE/E << 1 thus leading to a spectrum of protons propor-
tional to E~2 [9]. However, the observed CR spectrum is steeper with a larger
spectral index than the one predicted above. Many theories try to explain this
steepness of the spectrum with different models for the galactic and extragalactic
component of CRs. The high energy CRs with a galactic origin, are thus theo-
retically expected to have a higher probability to escape the galactic magnetic
field leading to a steeper spectrum. For extragalactic CRs, the redshift and the
GZK effect most probably influence the steepness of the observed spectrum. The
shape of the spectrum at very high energies is thus related to the distribution of

CRs sources in the Universe [10].

1.2 Astrophysical Neutrinos

L are created in interactions of the

Astrophysical neutrinos (and anti-neutrinos)
high-energy cosmic rays with other massive particles or photons. In a first ap-
proximation, the energy spectrum of astrophysical neutrinos follows that of cos-
mic rays at their acceleration sites while second order corrections on this ap-
proximation can arise from muon energy losses [11] and muon acceleration [12].

An overview of the neutrino spectrum is shown in Figure 1.3. The lowest part
of the neutrino spectrum consists of v from the Cosmic Neutrino Background
(CvB). CvB is an isotropic neutrino flux coming from neutrinos that decoupled
in the Early Universe. The temperature of the black body spectrum has dropped
to ~ 1.9°K due to the expansion of the Universe, and the flux peaks at meV
energies. Compared to the CMB, the CvB radiation has lower temperature as
the e”e™ annihilation that ensued at later stages of the evolution of the Universe
resulted in an increase of the CMB temperature. Although, the CvB is theoret-
ically predicted, it cannot be directly measured with the current experimental
techniques. At higher energies (approximately at the MeV energy range) neutri-

nos produced by fusion processes in the Sun and neutrinos from the Supernova

When neutrinos are mentioned, anti-neutrinos will always be implied throughout this

thesis.
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Figure 1.3: The astrophysical neutrino spectrum with measured and expected

fluxes of natural and reactor neutrinos [13].

burst 1987A are shown. Neutrinos from these sources have been detected, as have
neutrinos from the interior of the Earth. The experimentally measured atmo-
spheric neutrino spectrum, that refers to neutrinos produced by CR interactions
in the Earth’s atmosphere, is also shown at energies E, > 0.1GeV. At the high-
est energies theoretically predicted neutrinos from astrophysical sources, such
as Active Galactic Nuclei and cosmogenic neutrinos produced by interactions of
ultra high energy protons with the cosmic microwave background, are depicted.
Neutrino telescopes with instrumented volumes of several cubic kilometers aim

to detect these high energy neutrinos [4], [13].

1.2.1 Candidate Sources for Astrophysical Neutrinos

Several astrophysical object classes have been proposed as potential particle ac-
celerators. The existence of observational data in the whole electromagnetic
wavelength range however, has not shed light on whether the non-thermal pro-
cesses in these objects are of electronic or hadronic nature. The possible obser-
vation of neutrinos from these sources is expected to provide more information

about the processes that take place inside such astrophysical objects. Neutri-
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nos emerge when protons or nuclei interact with plasma or with a radiation
field within or surrounding the source: the interaction produces pions, whose
decay produces one electron neutrino and two muon neutrinos (7 — gt + 1,
7 — pu +7v,and pt — et U, v, pT — e v, Ve ). BEach neutrino carries
5% of the energy, per nucleon of the parent cosmic-ray particle. But unlike
charged cosmic rays, neutrinos, being neutral, are not deflected by magnetic
fields on their trajectory to Earth. This provides the advantage that neutrino
measurements can be compared to light from the same potential source. And
unlike photons, neutrinos can escape from deep within a source, carrying useful
information about its physics.

The candidate neutrino sources can be classified in sources of galactic and

extragalactic origin and are briefly described in the following sections.

1.2.1.1 Extragalactic sources

The diffuse neutrino flux is expected to be derived from the cosmological distri-
bution of extragalactic sources that are responsible for both the CR spectrum
above the ankle and the neutrino spectrum [14]. The most plausible extragalactic
candidates for the emission of high energy neutrinos are:

Active Galactic Nuclei: Active Galactic Nuclei (AGN) are associated with
galaxies with a super-massive black hole of 10% — 10 solar masses in their center.
The energy that is released by these objects is provided by the transformation
of huge amounts of gravitational energy into radiation during the accretion of
matter into the black hole. AGNs are very luminous objects releasing energy
typically of the order of 1047erg/s [13]. In some cases, AGNs are observed to
emit relativistic jets. Such AGNs with the jet aligned closely to the line of sight
are called blazars and have proved to be strong gamma ray emitters. According
to some models, neutrinos are expected to be produced both in the accretion
disk, where thermal photons provide the target for photo-meson production, and
in the jets, where the target can also consist of synchrotron photons. Blazars
are thus good candidate point sources for neutrino observation with a neutrino
flux that is expected to be rather significant due to the flux enhancement in the
jet via Doppler broadening [4], [15].

Gamma Ray Bursts: Gamma Ray Bursts (GRBs) are very luminous erup-
tions that release huge amounts of energy (> 10°! erg/s) in gamma rays within

milliseconds to minutes. The main burst is usually followed by a late afterglow
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emission in X-ray, optical and radio wavelengths. GRBs are classified according
to the duration of the gamma ray emission and to the hardness of the spectrum
to ”long” GRBs, with duration > 2 s, and "short” GRBs, with duration < 2
s. These two GRB classes are associated with different progenitors, considering
the core collapse of a massive star scenario for the explanation of ”long” GRBs
and the compact merge of two neutron stars or the merge of a black hole with a
neutron star as the possible progenitor for ”short” GRBs.

The most favored model for the explanation of the emissions of gamma rays
in "long” GRBs is the so-called fireball model [16],[17], while analogous models
have been constructed to explain the gamma ray emission at ”short” GRBs. Ac-
cording to this model, a massive star collapses into a black hole forming an inner
compact source that ejects large amounts of mass within a short time interval.
Successive plasma shells with typical Lorentz factors of I' = 100 — 1000 are thus
formed and relativistic internal shocks are created. When the outer shells slow
down they are hit by faster inner shells and internal shock fronts are piling up.
During this procedure, electrons and protons are accelerated. Electrons lose an
amount of energy through synchrotron radiation while protons can be acceler-
ated up to energies of approximately 10%! eV favoring the neutrino production.
During the fireball expansion, the shells are driven into the interstellar medium
and the external shocks are built up, leading to an afterglow emission which is
visible in X-ray, optical and radio wavelengths. The neutrino emission has been
predicted for three phases of the GRB evolution including the precursor phase
when the jet is still forming and no electromagnetic radiation is escaping, the
prompt phase coinciding with the burst in gamma rays and the afterglow phase
[18].

Starburst galaxies: These galaxies have large populations of massive stars
in formation and a higher density of supernovae. During the large-scale star
formation, where the central regions eject a galactic-scale wind driven by the
collective effect of supernova explosions and winds from massive stars the neu-
trino production is predicted via hadronic mechanisms. The gamma ray flux at
several hundred GeV suggests cosmic ray densities of two to three orders of mag-
nitude above that in our own Galaxy, making it a potential source of neutrinos
[19], [20].

Cosmogenic neutrinos: The UHECRs combined with the diffuse photon

background filling the Universe consist possible sources of ultra high energy neu-
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trinos. The production of the so-called cosmogenic or GZK neutrinos is expected
to be due to hadronic processes and specifically the A™ resonance, which takes
place when ultra high energy protons impinge the CMB background, as described
in section 1.2.2. The magnitude and features of the cosmogenic neutrino flux
depend on the assumptions made about the sources that produce neutrinos and
in particular the composition of UHECRs at the source, the evolution of the
source population with redshift and the injection spectrum. The composition
of UHECRs significantly affects the neutrino flux, as heavier nuclei lose energy
via photon disintegration disfavoring the neutrino production, thus reducing the

expected neutrino flux [14], [21].

1.2.1.2 Galactic sources

Apart from the extragalactic neutrino sources, many objects inside the Galaxy
exhibit non-thermal photon spectra, which hints at particle acceleration. If
hadrons are accelerated in these objects, they could act as sources of high energy
neutrinos. A number of Galactic neutrino sources is discussed below.

Supernovae Remnants and Pulsar Wind Nebulae: Supernovae can
be the final stage of the evolution of stars in which the whole star explodes.
The matter ejected with supersonic velocity in the supernova explosions collides
with the inter-stellar matter, forming a shock wave at which particle acceleration
may occur. These supernovae remnants (SNRs) are thought to be responsible for
the production of CRs with energies up to about 10'® eV. CRs interacting with
ambient matter can produce neutrinos and gamma rays via decays of charged and
neutral pions. Some of the most intense SNRs have a pulsar (rapidly spinning
neutron star) and are of interest because of their strong variable magnetic field
which could further accelerate charged particles. Some examples of this type of
SNRs observed so far, are the RXJ 1713.7-3946 and RXJ0852.0-4622, which is
also known as Vela Junior [22].

Pulsar Wind Nebulae (PWNe) refer to pulsar winds consisting of relativistic
electrons and positrons that emit strong synchrotron radiation and fill the SNRs.
In particular, a rapidly spinning neutron star (pulsar), which is the residue of
the progenitor star is formed in a sub-class of SNRs. The rotational energy
is converted into the kinetic energy of the pulsar wind which terminates in a
shock when it encounters the ambient medium. Acceleration of protons and

nuclei could take place at shocks in the pulsar wind giving rise to the production
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of the observed gamma rays and possibly neutrinos via the 70 and 7% decays
respectively [23].

X-ray binaries and Microquasars: X-ray binaries refer to galactic X-
ray binary systems,which show morphological similarities with AGNs and are
believed to follow the same mechanism, including the accretion of matter from
a companion star onto a massive black hole or a neutron star. During this
mechanism energy is emitted in the form of X-rays while high energy neutrinos
are expected to be produced via similar mechanisms as in AGNs [24].

Microquasars are a subcategory of X-ray binaries which exhibit relativistic
jets, observed in the radio band. Apart from electrons, hadrons could be ac-
celerated in the jet. The interactions of hadrons, and specifically protons, with
the synchrotron photons produced by accelerated electrons could then lead to
neutrino production. A theoretical model in which protons, accelerated at en-
ergies higher than 100 TeV by internal shocks within jets, could produce TeV
neutrino fluxes through the interaction of photons with mesons on ambient X-ray
radiation has been proposed by Levinson and Waxman [25].

Cosmic ray neutrinos from the Galactic disc: Diffuse CRs propagating
through the Galaxy will interact with the interstellar medium. These interactions
are expected to produce gamma rays and neutrinos via neutral and charged pion
decays. The predicted neutrino flux is thus related to the density of matter in

the Galaxy [26].

1.2.2 Neutrino Production from Hadronic processes

The generation of high energy photons and neutrinos in hadronic interactions
is theoretically explained by the so-called ”beam dump” model which borrows
its name from accelerator physics. According to this model the charged cosmic
rays, the "beam”, interact with the massive target, the "dump”, that consists
of diffuse gas or plasma. The range of the mesons produced is long enough
and allows them to decay before being absorbed by the matter surrounding the
source, yielding neutrinos or photons as the decay products. Neutrinos are thus
generated by protons form cosmic accelerators, via charged pion production in

collisions with the ambient matter or radiation fields, in interactions such as:

p+ nucleus — 70 + X (1.7)

11
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7T0+p

A+
Pty = _>{7r++n

[27] followed by the subsequent interactions of pions:

0

w0 = vy
st 4y, T o u+7,
and:
pt— et v, p— e v, T

Regarding the neutrino production chain, the three flavors of neutrinos are
produced with a ratio v, : v, : v, = 1:2: 0 during the m meson decay. However,
neutrino oscillations turn this ratio into v, : v, : vz = 1 : 1 : 1 upon arrival at

Earth [13].

1.3 Atmospheric Neutrinos and Muons

Atmospheric neutrinos are created in cosmic ray induced air showers in the at-
mosphere of the Earth. Amongst all the particles that are created in air showers,
only neutrinos and muons produced during Charged Current (CC) interactions
of neutrinos, can reach the underwater neutrino telescopes. The so-called atmo-
spheric muons are absorbed by the Earth so they can only reach the detector
from above the horizon. Even so, they still constitute one of the most abundant
backgrounds of the detector as it is shown in Figure 1.4. In order to reduce the
atmospheric muon background, the underwater neutrino telescopes are deployed
in depths of several kilometers as the atmospheric muon flux is decreased signif-
icantly when the mass water equivalent increases (see Figure 1.4). In contrast
to atmospheric muons, atmospheric neutrinos reach the detector from all direc-
tions but are detected less frequently due to their small interaction probabilities.
Atmospheric neutrinos constitute an almost irreducible background since it is
hard to distinguish them from astrophysical neutrinos.

The atmospheric neutrino flux consists of two components, the conventional
flux, which dominates the lower energy part of the spectrum and the prompt flux
that contributes to the flux at higher energies (see Figure 1.5 from the IceCube

Collaboration). The conventional atmospheric neutrino flux refers to the decays

12
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Figure 1.4: The atmospheric neutrino flux for different ranges of E,, [28] and the
atmospheric muon flux [29] for two different water depths, both as a function of the
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Figure 1.5: The conventional and the prompt component of the atmospheric v,
and v, flux are shown. A sample calculation of the GZK neutrino flux and the
theoretically expected astrophysical neutrino fluxes produced by SNRs and GRBs

are also shown [33].

of kaons and charged pions during their interactions with air molecules. The
resulting neutrino flux differs from the original cosmic ray flux as the energy
spectrum is steeper (reaching approximately E~37) while the flux is enhanced
towards the horizon [31]. The prompt atmospheric neutrino flux is due to the
decays of heavy, short-lived hadrons that contain a charm or bottom quark.
These hadrons decay before having the chance to interact, thus giving rise to
a flux of prompt atmospheric neutrinos. This flux is expected to follow the
spectrum of cosmic rays more closely, with an energy spectrum of approximately

E~27 and an isotropic zenith angle distribution [32].
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Neutrino Telescopes

Neutrino detection in underwater neutrino telescopes is based on the detection
of light emitted during the passage of neutrino induced particles through water.
The detection principle of neutrino telescopes, the neutrino interactions with
the Earth or sea water and the signature of events that are detected in neutrino
telescopes are described in the following sections. The main backgrounds of
underwater neutrino telescopes are discussed and a brief overview of the existing

water and ice neutrino telescopes is provided.

2.1 Detection Principles

The original idea for the construction of neutrino telescopes belongs to Markov
and Zheleznykh, who in 1961 [34], suggested the use of deep lakes or the sea for
the detection of secondary particles (and specifically muons) created in charged
current interactions of high energy (muon) neutrinos with the Earth. These sec-
ondary particles traveling with relativistic velocities through water emit photons
in a characteristic angle forming a light cone, the Cherenkov cone. The photo-
sensors of the neutrino telescope detect these photons in order to reconstruct
the secondary particle direction and energy and thus to extract a measure of
the parent neutrino direction and energy. The cross section of neutrinos with
matter is very small which explains the necessity of large instrumented volumes
in order to get sufficient statistics. Apart from water, ice can also be used as a
target-material for neutrino detection.

The ”golden channel” for neutrino astronomy with Cherenkov telescopes is

the muon-neutrino charged current interaction. The detection of upward-going
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Figure 2.1: Sources of muons in deep underwater/ice detectors. Cosmic nuclei
protons (p), particles (He), etc. interact in the Earth’s atmosphere. Atmospheric
muons created by these interactions can reach the detector (white box) from above.
Upward-going muons must have been produced in interactions of extraterrestrial

neutrinos [13].

muons guarantees the neutrino origin of the muon since no other known particle
can traverse the Earth. As it is shown in Figure 2.1 and is described in detail
in section 1.3, there are other sources of muons that can reach the neutrino
telescope and can be misidentified as muons from neutrinos of extraterrestrial
origin. These sources, consist the detector background and refer to neutrinos
and muons that are generated in the Earth’s atmosphere (atmospheric neutrinos
and muons). Neutrino telescopes need to be situated at depth of several kilo-
meters in order to suppress downward-going (atmospheric) muons which may
be misreconstructed as upward-going, while the background from atmospheric
neutrinos cannot be reduced by going deeper. Atmospheric neutrinos provide,

however, a standard calibration source and a reliable proof of principle.

Underwater neutrino telescopes consist of photomultiplier tubes (PMTs)
housed in transparent pressure spheres (optical modules) which are spread over
a large volume in oceans, lakes or glacial ice. PMTs record the arrival time and
amplitude of Cherenkov light emitted by muons or particle cascades. The light
recorded by PMTs is then used for event triggering and the reconstruction of

direction and energy of neutrinos.
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2.1.1 Neutrino Interactions

Neutrinos are neutral subatomic particles with very low mass, that interact only
through weak interactions. These elusive particles can only be detected by the
light produced by the secondary particles that are created during the neutrino
interactions with matter. A sketch of the Neutral Current (NC) and Charged
Current (CC) neutrino interactions of different flavors is shown in Figure 2.2.
The secondary particles that are created in each case and the induced electro-
magnetic and/or hadronic showers are shown. The differential cross sections for
CC, yyN — [X and NC interactions, yyN — 1 X with [ = u,e, 7 are:

Ao, N B ZG%mNEZ, M{}Vx

drdy ™ (@2 + M)

5 X la(z, Q%) + (1 — y)*q(z, Q?)] (2.1)

for CC interactions and:

Ao, N B G%mNE,, Méx
dedy 21 (Q2+ M32)?

+gh(a(z, Q%) + (1 - y)*q(z, Q%)) (2.2)

for NC interactions. = = Q?/2my(E, — E;) and y = (E, — E})/E, are

x [97(q(z, Q%) + (1 — »)*q(x, Q7))

the Bjorken variables, Q? ~ 2xyFE, My is the square of the four-momentum
transfered between the neutrino and the lepton (in case of CC interactions) or
between the neutrino and the scattered neutrino (in case of NC interactions),
my is the nucleon mass, My and My are the masses of the W and Z boson
and G is the Fermi coupling constant [35]. Functions ¢(z, Q%) and g(x, Q?)
are the parton distribution functions for quarks and antiquarks respectively, de-
scribing the distributions of the valence and sea quark flavors of the target and
g]% ~ (0.3 and 9%2 ~ (.03 are the weak NC chiral couplings. They are experi-
mentally determined (at fixed target experiments and at the HERA experiment
[36]) coefficients which reflect the non-purely V-A structure of the weak NC in-
teraction. The corresponding cross sections for 7 can be deduced by exchanging
q and q.

Integrating equations (2.1) and (2.2) over x and y yields the total cross section
(o). The cross sections for CC and NC reactions of neutrinos and antineutrinos,
for neutrino energies relevant to neutrino telescopes observations (E, >10 TeV),
are shown in Figure 2.3. For lower neutrino energies, E, <10 TeV, (Q?) << M2;;
in this regime the cross section is linear to E, in a good approximation, with

a value of ¢ ~ 1073 ¢cm? at E, = 1 TeV. For higher energies, the invariant
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Figure 2.2: Signatures of the event topologies occurring for different types of neu-
trino interactions. (a) Neutral current (NC) interaction producing only a hadronic
shower. (b) Charged current (CC) interaction of a v,, initiating an electro-magnetic
and a hadronic shower. (c) CC interaction of a v, producing a long range muon.
(d) CC interaction of a v,, producing a 7 that decays after some distance.

mass Q? = 2myFE, 2y can be larger than the W-boson rest mass, resulting in a
slower rise of the total cross section with energy, roughly proportional to E%-4.
As it can be observed in Figure 2.3, the cross section is different for neutrinos
and antineutrinos. The cross section for antineutrinos, oy, is one third of the
neutrino cross section o,,. This can be explained by considering the contribution
of valence and sea quarks to the cross section. Valence quarks dominate the cross
section for neutrinos with energies less than approximately 10° GeV. According
to detailed calculations that can be found in [37] and [38] the parton distribution
function g consisting of sea quarks can be neglected.

In this case and using the integrated equation (2.1) over x, we get the fol-

lowing relation for quarks and antiquarks:

dos do
Y= (1-y)?~ 2.
dy ( y) dy ( 3)

which when integrating equation (2.3) over y results in oy/0, = 1/3. Above
neutrino energies of about 106 GeV, sea quarks start to dominate leading to
equal cross sections for neutrinos and antineutrinos. At very high energies, no
data are available to constrain the parton distributions at very small x (x < 1079)
leading to uncertainties in the determination of the scross section as it is shown in
Figure 2.4 [41]. The cross section at the PeV energy range can be approximated
by 0, = 01E/GeV for E < 1 PeV and 0, = 02(E/GeV)% for E > 1 PeV where
o1 ~ 1073 ecm?2 and o9 ~ 4 - 10736 cm?2. Important uncertainties on the cross

section estimate arise for neutrinos at the EeV energy range, where new physics
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Figure 2.3: Total cross sections for neutrino (left) and antineutrino (right) scat-
tering on isoscalar nucleons. The results of two different analyses, both for charged
current (CC) and neutral current (NC) scattering with respect to the neutrino
energy are shown. Results from (CTW) [39] and (GQRC) [40] are included.

phenomena can modify very significantly the interaction of neutrinos to quarks
and differences in cross sections can exceed one order of magnitude [42], [43].
Based on the considerations above, the size of a detector for the search of
the high energy neutrinos can be deduced. The differential neutrino flux is of
the form of dN/dEdTdS = K - E~2, while integrating over time dT and the
detection area dS the number of interactions expected by unit volume above a

certain neutrino energy threshold FEip, is:

o
n; = K-E2.014(E)-p- NadE (2.4)
Ethr

where 0.,:(F) is the total interaction cross section of neutrinos, p the density of
the medium and N4 the Avogadro number. The characteristic size of a neutrino

telescope in order to detect at least one event per year is then:

1
S CRTIE =

Considering K ~ 107%GeVem 257! from the Waxman-Bahcall bound in-
tegrated over the whole sky, pN4 = 6.023 - 10?3, for E > 1 TeV we get L =
O(100)m. This demonstrates the necessity for very large instrumented volumes
of target material for the detection of high energy neutrinos [30].

Neutrino telescopes of large instrumented volumes will not be able to dis-

tinguish between neutrinos and antineutrinos as electromagnetic or hadronic
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Figure 2.4: The relative uncertainties both for charged current (CC) and neutral
current (NC) analyses with respect to the neutrino energy are indicated. Results
from (CTW) [39] and (CSS) [44] are shown.

showers originating from both particles are identical. In addition, the final state
lepton carries on average the major fraction of the neutrino energy while the
hadronic cascade has lower energy. This is shown in Figure 2.5 where the aver-
age y is plotted as a function of neutrino energy for neutrino and antineutrino
interactions, and (1-y) corresponds to the fraction of the neutrino energy carried
by the final-state lepton. For lower energies, (Q?) << M}, the integration of
equation 2.1 over y yields 1/4 < (y) < 1/2, depending on the relative contribu-
tion of quarks and antiquarks. As it is shown, for larger neutrino energies, the
dependence of the propagator term on Q? ~ 2xyMyE, reduces the mean y in
the aforementioned figure [45].

Another important parameter that should be taken into account for high
energy neutrino detection is the absorption of neutrinos in the Earth. For a
neutrino flux of ®,(E,,0) = [d*N,/(dE,dtdSdQ)] - AQ arriving within a solid
angle AQ at zenith 6, the number of events recorded by a detector with area S

within a time T is given by

NM(ETin79) By ; ouN—ux(Ey) - Zy
LA dE,®,(E,,0)-P,_,(E,, E™"). .o i
ST /;ann ( ’ ) _HL( ’ H ) exp MN

(2.6)
where Zy (g/cm?) is the matter column density in the Earth crossed by the
neutrino, P, (E,, EL’"") the probability to produce a muon which reaches the
detector with an energy exceeding the minimum detectable energy, ELm'” and

My the nucleon mass. As it is shown in Figure 2.6, the absorption of neutrinos
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Figure 2.5: Average y as a function of neutrino energy, for CC (solid lines) and
NC (dashed) reactions [45].

in the Earth is negligible for sub-TeV energies while for neutrinos at higher

energies the Earth absorption becomes relevant [38].

2.1.2 Cherenkov light

When a charged particle travels in a dielectric medium faster than the phase
velocity of light in that medium, the light emitted by the excited molecules
along the particle track creates a characteristic cone, the Cherenkov cone (see

Figure 2.7). The Cherenkov light is emitted in a characteristic angle:

1
cosf. = —— for particles with Scv<e (2.7)
n

B-n
where v is the particle velocity, ¢ is the speed of light in vacuum, 6. is the
Cherenkov angle, 5 = v/c and n is the index of refraction in the medium; n
depends on the frequency of the emitted photons. The spectral distribution
of Cherenkov photons per path length for a particle with charge +ze can be
calculated by:

dN 27 - 22a 1
= (1= 2.8
dzd) A2 < B2 n2) (2.8)

where a = 1/137 is the fine structure constant and A the wavelength. If the
medium is water, the index of refraction is n ~ 1.33 for water temperature at
20°C. The Cherenkov radiation is continuous and its density is inversely related
to the wavelength squared. Therefore, the number of photons increases as the

wavelength decreases, which explains why most of the Cherenkov radiation is
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Figure 2.6: Survival probability through the Earth for neutrinos of different ener-
gies, as a function of the zenith angle. The horizon is at 0, and a path through the
center of the Earth is at 1. For each energy, the upper line is for CC interactions
and the lower one for CC and NC interactions [46].
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Figure 2.7: Scheme of the Cherenkov radiation, in the form of a characteristic
cone, that is created when a charged particle travels in a dielectric and transparent
medium faster than the phase velocity of light in that medium.
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blue and mostly in UV range. Multiplying equation (2.7) with the photon energy
(Ey = hf) and integrating over the photon frequency, f, we get the total amount
of energy released per particle path length:

_<%) = 'cZZah /ﬁ,nzl f(l - @%ﬁ)df (2.9)

For A = 550nm (blue light), equation (2.8) yields approximately 400 eV /cm, or
200 Cherenkov photons/cm. The average Cherenkov angle of these photons is
0. ~ 43° [13], [47].

The secondary leptons that are produced during CC interactions of v, travel
through sea water emitting photons in the characteristic Cherenkov angle. In
the case of muons that are able to travel long distances in sea water before losing
their energy, this feature can be used to reconstruct the muon track. At high
energies, the neutrino direction is almost co-linear with the muon track as it is
shown by the following formula [48]:

0.6°

0, ~ BTV (2.10)

where 6,,, is the mean angle between the direction of arrival of the neutrino and
the muon track. Since the reconstruction of the muon direction relies on the
accurate reconstruction of the Cherenkov cone, the detection units of a neutrino
telescope should have a very good time resolution (~ ns) and in parallel being
able to detect individual photons. PMTs having these properties are used as the

most appropriate detection units in neutrino telescopes.

2.1.3 Light propagation and detection

The light propagated in water experiences attenuation, which sets limits to the
maximum distance between the optical sensors of the neutrino telescope. The
attenuation of light is due to the absorption and scattering of light which both
depend on the wavelength A. Absorption and scattering are described by param-
eters usually referred to as the absorption length and scattering length, respec-
tively. The absorption length, L,(\), represents the distance after which light
is absorbed. The corresponding distance for scattering is called the scattering
length, Lg(\). Scattering delays the photons at their path from the point of
emission to the optical sensors. The attenuation length L. () is related to the

absorption and scattering length via:
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1 1 1
= 2.11
Latt()\) La(/\) " Ls()‘) ( )
where a(\) = ﬁ(k) and b(\) = ﬁ()\) are the absorption and scattering

coefficients respectively. These coefficients are used to describe the path, x,

after which a beam of initial intensity Iy is reduced in intensity by a factor 1/e

according to: I, = Iy - eﬁ or in analogy Is = Ij - eLs&).

The values of scattering and absorption coefficients are essential for the ac-
curate reconstruction of events in neutrino telescopes. High levels of absorption
will lead to reduced collection of light while high scattering will worsen the
time information. Measurements of these parameters are performed with use of
lasers with wavelengths similar to Cherenkov light. The absorption length sig-
nificantly changes with the wavelength compared to the scattering length which
mostly varies with particulate matter. Both coefficients remain almost constant
with the changes of depth corresponding to the height (of the order of 0.5 km)
of a neutrino telescope. However, their values can vary with time due to sea-
sonal changes in water parameters or due to the existence of dust or biological
organisms. Hence, these coefficients need to be permanently monitored. The
absorption length and the scattering length for sea water have values between
40-70 m and 200-400 m respectively for Cherenkov photons, varying with time.
In contrast, these parameters are constant in time for neutrino telescopes in
glacial ice (i.e. IceCube at the South Pole) but they vary significantly with
depth [49].

2.1.4 Event Signatures

The topology of events in neutrino telescopes varies depending on the type of
interaction and on the lepton flavor (u,e,7). As it has already been shown
in previous section, Figure 2.2 sketches the event topologies for NC and CC
neutrino interactions of different flavors. In the case of NC interactions, neutrinos
interact with a nucleon producing a hadronic shower while the scattered neutrino
has lower energy. The event signature in NC interactions does not depend on
the neutrino flavor. However, the event topology for CC neutrino interactions
differs for each flavor. CC v, interactions produce a long range muon track and a
hadronic and/or electromagnetic cascade whereas CC v, interactions produce an

electron and thereby an electromagnetic cascade that overlaps with the hadronic
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e

X

shower

Figure 2.8: Feynman diagrams and the visualization of the event topologies at
the IceCube detector for CC interaction of a v, producing a long range muon, a
Ve, initiating an electro-magnetic and a hadronic shower and a v, producing a 7
that decays after some distance creating the so-called double bang signature. The
colour scale refers to the time evolution of light deposit (red indicates the earliest

arrival time of photon and blue the latest)[51].

cascade. CC v, interactions create a 7 lepton followed by a hadronic shower.
Depending on the 7 decay mode v, can either have track or cascade signatures.
In most cases, tau leptons have sufficient energy to travel adequate distances in
the detector such that when they decay, they produce a second visible shower.
This event signature of tau neutrinos is called the ”double bang” [50]. The event
topologies for CC neutrino interactions in the IceCube detector are shown in
Figure 2.8.

Muon Tracks: Muons travel long distances in matter, and in particular in
water, before being absorbed (see Figure 2.9). This allows the detection of muons
which have been created kilometers away the instrumented volume leading to a
vast increase of the detector effective volume. The reconstruction of the direction
and the energy of muon track is based on the reconstruction of the Cherenkov
cone. As it can be deduced by equation 2.9, the reconstruction of the muon
direction provides a very precise determination of the neutrino direction, which
explains the great importance of the CC v, channel for all investigations of
astrophysical neutrino sources. However, the energy estimation of the neutrino
energy for this channel, is not straightforward since a sufficient fraction of the

muon track is often outside the instrumented volume, so both photons from the
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hadronic shower and Cherenkov photons are lost [13], [30].

Cascades: CC interactions of v,, often of v, and all NC interactions do not
lead to high energy muons but to electromagnetic or hadronic cascades. Com-
pared to muons, electromagnetic and hadronic showers have much shorter path
lengths as it can be seen in Figure 2.9. In order to ensure the detection of photons
from the hadronic/electromagnetic shower and Cherenkov photons produced by
the secondary particles, which are needed to reconstruct the neutrino direction,
events must be contained in the detector. This limits the effective volume to the
instrumented volume of the detector. The detector is then used as a calorimeter
for cascade events as most of the light produced can be detected by photomul-
tipliers. The energy reconstruction for showers is then more accurate than that
of muons (of the order of 0.05 instead of 0.3 in log10E,[GeV] for muon tracks).
However, in the case of NC interactions, a sufficient part of the energy is taken
away by the escaping neutrino and is not measured. Although, the energy for
cascades can be determined with very good precision, the pointing accuracy for
cascades is less accurate (of the order of 10° instead of less than 0.5° for muon
tracks). This is due to the fact that showers have small path length (not ex-
ceeding 10 m) and a diameter of 10 - 20 cm, thus can be considered as quasi
point-like compared to the spacing of the PMTs. In the case of v, a better point-
ing accuracy can be achieved since the production of 7 and its decay is usually
accompanied by two cascades and a track. However, it is difficult to separate
this type of events from simple cascades for energies below few PeV, as it can
be interfered from Figure 2.9. The cascade channel is particularly interesting
for searches for a diffuse, high-energy excess of extraterrestrial over atmospheric
neutrinos since the background from atmospheric v, is significantly smaller than

that of atmospheric v, for the muon channel [13], [30].

2.1.5 Detector Backgrounds for Underwater Neutrino Telescopes

The backgrounds in underwater neutrino telescopes consist of the physical back-
ground of atmospheric neutrinos and muons and of environmental backgrounds.
For neutrino telescopes in deep sea water, the environmental backgrounds which
are of interest for this thesis, come from radioactivity and bioluminescence.
Atmospheric Neutrinos and Muons: As it has been described in detail
in section 1.3, atmospheric neutrinos and muons are produced during the cosmic

ray (CR) interactions with the Earth’s atmosphere. During these interactions,
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Figure 2.9: Path lengths of muons, taus, electromagnetic and hadronic showers

in water as a function of their respective energy [30].

tremendous amounts of high energy muons are created in extensive air showers.
The deployment of neutrino telescopes at large depths (2 km to 5 km) in water
(or glacial ice) provides a primary shielding against atmospheric muons (as it is
discussed in section 1.3 and shown in Figure 1.4). Since this shielding is not suffi-
cient, neutrino telescopes mainly search for upward-going muons. Upward-going
muons can only originate from neutrinos since neutrinos are the only known par-
ticles that can transverse the Earth without being absorbed. This implies that a
neutrino telescope located at the Southern hemisphere will look for astrophysical
neutrinos from the Northern sky and vice versa. However, the Earth becomes
almost opaque to neutrinos with energies above the PeV so one has to enlarge
the zenith acceptance in order to study high energy neutrinos [40]. The higher
energies of muons from PeV-EeV extraterrestrial neutrinos can be used to dis-
tinguish them from downward-going atmospheric muons. Atmospheric neutrinos
cannot be rejected using angular cuts and can only be distinguished from neutri-
nos of astrophysical origin by the reconstruction of the muon and consequently
the neutrino energy, since the spectrum of astrophysical neutrinos extends to
higher energies compared to atmospheric neutrinos. Although they constitute
one of the main backgrounds of neutrino telescopes, atmospheric muons and

neutrinos can be used to calibrate the detector as their fluxes are well known.
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Radioactivity: The decays of radioactive elements in sea water create
charged particles. The propagation of these particles in sea water can produce
Cherenkov light that mimics the light produced by neutrino induced particles.
The most abundant radioactive element in sea water is ° /K which decays with
two main channels yielding either electrons (5-decay) or v rays with energies of

approximately 1 MeV:

VK 5 40Ca+e +7, B.R. =89.3%
O e 50Ar +v,+v B.R.=10.7%

The electrons, either directly produced or from Compton scattering, often ful-
fill the condition for the production of Cherenkov light (as described in equation
(2.6)) while can also undergo multiple Coulomb scattering in the surrounding
water. The light pulses in optical sensors produced by “°K decays are mostly
uncorrelated, so by requiring coincidences in neighboring PMTs a significant
reduction of the background can be achieved.

Bioluminescence: Bioluminescence refers to the luminescence induced by
biological organisms living in deep sea. The intensity of light produced by bio-
luminescence and the duration of the phenomenon varies. For example, bacteria
tend to emit light steadily on time scales of hours to days while larger size or-
ganisms emit light in bursts with durations of the order of seconds. The steady
component of bioluminescent light gives pulses to PMTs of similar intensity as
those from *°K decays and is emitted typically homogeneously over the full de-
tector. Compared to the steady component, light from bursts can give rates in
PMTs larger by orders of magnitude while it is localized in a group of optical
Sensors.

The rates of “°K and bioluminescence depend on the installation site of
the neutrino telescope and in particular on the properties of sea water in this
site. The most direct assessment of the environmental background is deduced by
measuring the intensities of deep sea background light over long term periods.
The total rate of light from the environmental background has been measured
for a prototype of the KM3NeT digital optical module, housing 31 PMTs, which
was integrated in the ANTARES detector at a depth of around 2375 m for in-
situ testing and validation. The data taking and rate measurements over the

first six months are reported in [52]. The environmental background counting
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rates were characterized stable at around 8 kHz per photomultiplier (PMT) with
rates averaged over 10 minutes. A maximum rate was observed as high as 1.2
MHz for the whole optical module due to bioluminescence present during the
period of measurements. These rates have been observed to decrease when the
bioluminescent activity decreases over the months. The genuine “°K coincidence
rates have also been measured and correspond to 340 Hz, 30 Hz and 2.7 Hz for
two, three, four hits in coincidence within 20 ns in different PMTs of the same
optical module [52]. The environmental background rates were also measured for
the Capo Passero site at a depth of 3500 m. Three optical modules were deployed
and data corresponding to 600 hours were analysed [53]. Similar results have
been reported for the environmental background with the single rate per PMT
at around 6 kHz while the bioluminescence sporadic activity was found to be

homogeneous in the vicinity of the optical module [53].

2.2 The Main Existing Neutrino Telescopes

The first designs and the resolution of the technical challenges related to the de-
ployment and commissioning of neutrino telescopes required many decades. The
first neutrino telescopes were deployed at sea, lake and glacial ice. In particular,
the DUMAND (Deep Underwater Muon and Neutrino Detector) project [54] was
deployed off the shore of Big Island in Hawaii, the NT200 project in lake Baikal
[55] and AMANDA (Antarctic Muon And Neutrino Detection Array) used the
3 km thick ice layer at the South Pole [56] as the target and detection volume.
After the first deployment of the DUMAND project, European groups started
to look forward to the deployment of neutrino telescopes in the Mediterranean
Sea. In this context, the NESTOR [57] and NEMO [58] groups deployed pro-
totype detector installations off the coast of Pylos in Greece and off the coast
of Capo Passero in Italy respectively. Specifically, the NESTOR Collaboration
reconstructed for the first time, the direction of atmospheric muons with mean
zenith angle accuracy less than 10°, thus providing the proof of feasibility for
such techniques in neutrino telescopes [59], [60]. In parallel, the NESTOR team
performed several measurements of the light transmission in deep sea water es-
timating the impacts of the water depth, the different sites in the Ionian Sea
and the temporal effects on these measurements [61]. ANTARES (Astronomy
with a Neutrino Telescope and Abyss environmental RE-Search) [62] is the first
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underwater neutrino telescope in the Mediterranean, installed and operated off
the coast of Toulon in France. The main existing neutrino telescopes described
in this section, are the ANTARES and the IceCube detector [63], successor of
AMANDA, which is deployed in the glacial ice of the South Pole.

2.2.1 ANTARES

The ANTARES neutrino telescope consists of 12 strings (lines), each carrying 25
storeys at a distance of 14.5 m equipped with three optical modules looking at
45° downward, an electronics container and calibration devices where necessary.
A sketch of the ANTARES detector is shown in Figure 2.10. The deployment
of the full detector was completed in 2008 with a total of 885 optical modules.
The optical module consists of a 10-inch photomultiplier with its electronics,
housed in a pressure resistant glass sphere. A special gel for optical coupling
and a p-metal cage for magnetic shielding are contained in each sphere as well.
Fach string has a length of 450 m and is anchored to the sea floor with a dead
weight while it is kept upright by a buoy located at its top. The lower 100 m of
the string are not instrumented. The distance between strings ranges from 60
to 75 m, reaching an instrumented volume of approximately 0.025 km?®. Strings
are connected to a central junction box, which is connected to shore via an
electro-optical cable. The detector is deployed at a depth of 2475 m. Apart from
optical modules, the ANTARES detector is equipped with an acoustic detection
system, named AMADEUS [64], for feasibility studies towards acoustic neutrino
detection.

Downgoing muons collected by the ANTARES telescope were used to cali-
brate the detector and to measure the vertical muon intensity as a function of
the water depth [65]. The atmospheric neutrino spectrum has been reproduced
for the conventional flux and data are in good agreement with measurements
reported by IceCube [66]. Studies for neutrinos from point-sources have been
performed leading to the set of 90% confidence level upper limits on the muon
neutrino flux normalization between 3.5 and 5.1 -1078 GeV cm™2 s~! depending
on the location of the source [67]. Combined searches for neutrinos from point-
sources with ANTARES and IceCube have also been performed and results are
reported in [68].

The ANTARES detector is the progenitor of the KM3NeT neutrino tele-

scope with an instrumented volume of few km? that will be deployed in the
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Figure 2.10: Schematic of the ANTARES detector. Indicated are the 12 strings
and the instrumentation line (ILO7). Shown as an inset is the photograph of a

storey carrying 3 photomultipliers.

Mediterranean Sea. The KM3NeT project is described in detail in the following
chapter.

2.2.2 IceCube

IceCube [32] is a neutrino telescope of about 1 km? located at the glacial ice of
South Pole searching for high energy neutrinos of extraterrestrial origin. The
detector consists of 5160 optical modules at depths between 1450 and 2450 m
in the Antarctic ice (see Figure 2.11). Each optical module is a glass sphere
that contains a 10-inch photomultiplier with its digital electronics. The detector
consists of 86 strings with optical modules at a vertical spacing of about 17
m, while the horizontal spacing between two strings is approximately 125 m.
Eight of these strings are more densely located consisting a five times more
dense instrumented volume than the standard IceCube array, in the center of
the detector, named the Deep Core. The Deep Core is situated primarily at 2100
m below the surface of the ice thus taking advantage of the exceptionally clear ice
at those depths. It is used as the low energy extension of the IceCube detector
as it can detect neutrinos with energies as low as about 10 GeV. Furthermore,

it can use the surrounding IceCube detector as a highly efficient active veto
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against the background of downward-going muons increasing its sensitivity to
low energy neutrino detection [69]. Apart from Deep Core, the IceCube detector
also includes a cosmic ray detector called IceTop. IceTop consists of 81 stations
installed on the surface, above the IceCube detector, forming an air shower
array. Each station consists of a pair of cylindrical plastic tanks filled with clear
ice, that contain the optical modules. This detector focuses on the detection
of electrons and muons from cosmic ray induced air showers while its scientific
goal is to reconstruct the energy, type, and direction of the cosmic ray primary
particle [70], [71]. The IceTop detector can also be used as a veto for the cosmic
ray induced background in IceCube in order to measure astrophysical neutrinos
from the Southern sky [72].

The IceCube detector has provided evidence for extraterrestrial flux of high
energy neutrinos in multiple searches [73], [74]. Figure 2.12 shows the arrival
angles and the energy deposited in the instrumented volume for 37 neutrino
candidate events. The deposited energies of these events range from 30 TeV
to 2 PeV and were observed in 988 days of data [74]. The single-flavor energy
spectrum for the IceCube astrophysical neutrino flux with cutoff at 3 PeV has
been parametrized as: ®(E,) = 1.2-10*8'%'6*&/3 PeV [GeVlsr—ls~lem™2
where FE, is the neutrino energy. This is the best limit ever established on the flux
of astrophysical neutrinos while further observations with the upgraded IceCube
detector [33] or the planned KM3NeT telescope are essential to answer questions
about the sources of this astrophysical flux. Recently, a high energy muon event
with deposited energy of about 2.6 PeV (% 0.3 PeV) was detected to cross the
instrumented volume. This deposited energy is expected from a muon with
energy between 4 and 5 PeV, consisting the highest energy event observed so far
[75].

Apart from neutrino astronomy, the IceTop detector has been used to mea-
sure the cosmic ray anisotropy for the first time in the Southern Hemisphere [76].
In addition, a measurement of the atmospheric oscillation parameters has been
achieved with the Deep Core detector, with a precision comparable to that of
dedicated oscillation experiments, such as MINOS, T2K, or Super-Kamiokande
[77].

Studies for the extension of the IceCube detector have been performed. The

next generation of IceCube, the IceCube-Gen2 [33] detector with an 10 km?

32



2.2 The Main Existing Neutrino Telescopes

Figure 2.11: Schematic view of the IceCube neutrino telescope. At the surface,
the air shower array IceTop and the IceCube counting house are indicated. The
location of the AMANDA detector, a progenitor of IceCube and the Deep Core are

shown as well. The Eiffel tower is shown to scale for a size comparison.

instrumented volume of clear glacial ice at the South Pole will be able to col-
lect high statistics of very high energy neutrinos (at the PeV range). Besides
the extension to the high energy range, the IceCube Collaboration is looking
forward to the construction of the PINGU sub-array [78] that targets precision
measurements of the atmospheric oscillation parameters and the determination

of the neutrino mass hierarchy.
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Figure 2.12: Arrival angles and deposited energies of the detected events in three
years of IceCube data [74].
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The KM3NeT Project -
ARCA Detector

KM3NeT is a network of underwater neutrino telescopes that will be deployed
at the Mediterranean Sea. The KM3NeT project consists of two different de-
tector configurations, the ARCA and the ORCA detector. The ARCA detector
is a neutrino telescope of several cubic kilometers that aims to search for high
energy neutrinos (at the TeV region) of extraterrestrial origin. The ORCA de-
tector covers a volume of few cubic meters and intends to measure the neutrino
mass hierarchy using oscillations of atmospheric neutrinos (in the GeV range)
through the Earth. The KM3NeT project and in particular the ARCA detector
is described in this chapter. In the first sections of the chapter the detector
configuration, the installation sites, the detection units and their components
are discussed. In section 3.2, the generation and simulation packages employed
for the production and simulation of the events used to study the expected per-

formance of the detector to neutrinos are described.

3.1 Detector Design

The first phase of the ARCA detector consists of two building blocks covering a
total volume of approximately 1 km? (Figure 3.1) that are going to be installed
at the Capo Passero site, located at the east of the Sicilian coast, and at a
depth of approximately 3500 m. Each building block is a roughly cylindrical
detector configuration consisting of 115 detection units (DUs), usually referred

to as strings [79]. In the final stage, the ARCA detector will consist of six
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Figure 3.1: The ARCA detector layout.

building blocks resulting to an instrumented volume of several cubic kilometers
(depending on the distance between the detection units). There are two more
sites proposed for the installation of the rest four building blocks: the Toulon
site located in the Ligurian Sea at a depth of 2475 m and the Pylos site in the
East Ionian Sea at three possible depths of 5200 m, 4500 m and 3750 m resulting
to a multi-site infrastructure [79], [80]. This multi-site infrastructure is shown in
Figure 3.2. Apart from the network of neutrino telescopes, the KM3NeT consists
of administrative head quarters located in the Netherlands and data repository
and data processing centres in France and Italy, as it is shown in Figure 3.3.
The physical, geophysical and oceanographic properties of these sites have
been investigated in detail and satisfy the requirements to host the KM3NeT
infrastructure. In particular, these sites have good optical water properties !,
low level of bioluminescence and bacterial deposition on optical surfaces, low sea
current velocities, low rate of sedimentation and low risk of significant seismic
events [80]. The sites are also sufficiently close to shore facilitating the deploy-
ment and reducing the expense for power and signal cable connections to shore.
In parallel, these sites provide sufficient depths to reduce background from atmo-
spheric muons (as it is shown in Figure 1.4). Long term characterisation studies
for these sites have been performed, including measurements on the deep-sea

water optical properties (absorption and scattering), water environmental prop-

!The absorption and scattering lengths for these sites are close to the ones of optically pure
sea water for light in the wavelength range of about 350 nm to 550 nm, which is the wavelength

for Cherenkov photons.
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Figure 3.2: The installation sites for the KM3NeT project in the Mediterranean
Sea with the corresponding depth for each site.

KM3NeT-HQ

Facilities of the
KM3NeT Research Infrastructure

KM3NeT

KM3NeT-Data Centre

KM3NeT-Er

KM3NeT-It KM3NeT-Gr

RS

Figure 3.3: The KM3NeT research infrastructure consisting of three installation

sites. The data center and administrative head quarters are also shown.
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Figure 3.4: The absorption length (left panel) and attenuation length (right panel)
measured at the Capo Passero site at four seasons. Also indicated are the the values
for optically clean salt water (black lines) [81].

erties (temperature, salinity) and biological activity. These measurements are
described in detail in [80].

Specifically for the Pylos site, the transmission length of light was measured
with a device, developed by the NESTOR group (Long-Arm Marine Spectropho-
tometer, LAMS). This is a rigid structure that allows for measuring the intensity
of light from an isotropic, constant source at several distances [82]. The trans-
mission length, Lg, of light in water characterises the variation of light intensity
as a function of the distance between the source and the detector !. The light
transmission length in Pylos site is 55+10 m at a wavelength of 460 nm cor-
responding to 10% longer length than the one measured in the Capo Passero.
The measurements on the absorption and attenuation length measured in Capo
Passero are also presented in Figure 3.4. As it can be observed, at all wave-
lengths, deep waters have an absorption length compatible with that of pure sea
water. In addition, there is not significant seasonal dependence of the optical
parameters for all three sites.

Depending on the installation site, the building blocks of the KM3NeT will
be situated at a latitude A between 36° and 43° North, allowing the detection

of upgoing neutrinos from the Southern hemisphere. Compared to the IceCube

'In analogy to the absorption coefficient, the transmission coefficient, i, describes the

path x after which a beam of initial intensity Io is reduced by a factor of 1/e.
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Figure 3.5: Sky coverage in Galactic coordinates for a detector located in the
Mediterranean Sea and at the South Pole. The shading indicates the visibility for
a detector in the Mediterranean with 27 downward coverage; dark (light) areas are
visible at least 75% (25%) of the time. The locations of recently observed sources

of high energy gamma-rays are also indicated.

detector, the KM3NeT project located in the Mediterranean Sea, will have a
larger sky coverage. As it is shown in Figure 3.5, the KM3NeT will be able
to observe up-going neutrinos from a large fraction of the sky including the
Galactic Centre and most of the Galactic Plane. This is a major advantage of
this neutrino telescope since many sources of interest for neutrino astronomy
are located in the Galactic plane. In this way, the KM3NeT neutrino telescope
will complement the field of view of IceCube. KM3NeT and IceCube neutrino
telescopes will thus cover the whole sky.

In addition to its geographical location the KM3NeT neutrino telescope has
significant advantages over ice experiments due to the very good optical prop-
erties of sea water !, as it was mentioned above. The advantages of seawater
neutrino telescopes lead to significantly better angular resolution, down to 0.1°
(RMS) for muon tracks, compared to approximately 1° for IceCube and a bet-

ter and more uniform discovery potential flux due to the homogeneity of the

!The scattering length in ice is much shorter than the scattering length in sea water, with
values between 20-40 m varying with depth.
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Figure 3.6: KM3NeT/ARCA 50 discovery potential (red line) per flavor for (point-
like) neutrino sources with a spectrum oc E~2 for 3 years of data-taking (in order to
have a comparable exposure with respect to the current IceCube result) as a function
of the source declination. For comparison, shown also is the corresponding discovery
potential for the IceCube detector (blue line), and upper limits on particular sources
for the ANTARES detector (blue squares) [83].

medium. An example of this uniformity can be seen in Figure 3.6 in which the
discovery potential ! of the KM3NeT (red line) for neutrino sources is mentioned
and compared with the corresponding discovery potential for the IceCube de-
tector (blue line). For comparison, the upper limits on particular sources for
the ANTARES detector are presented. A disadvantage of sea-water neutrino
telescopes is the higher optical background due to radioactive decay of °K and
bioluminescence. However, these backgrounds can be reduced by requiring hits
in time coincidence in neighboring PMTs of the same OM, as discussed in the

following section.

3.1.1 Detection Units

The KM3NeT detection unit hosts 18 digital optical modules (OMs) vertically
aligned on a string with 36 m distance between each other, leading to a string

height of almost 600 m, while the distance of the first OM from the seafloor is 100

!The discovery potential is determined by the number of observed events in a given ob-
servation time that have a probability less than 50 to purely originate from background. The

discovery potential is discussed in detail in section 6.2.
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Figure 3.7: A sketch of the KM3NeT string unfurling in the sea.

m. These strings are anchored to the sea floor and kept close to vertical with the
aid of submerged buoys at the top of the string. Two dyneema ropes keep the
OMs together at the string, an electro-optical backbone provides connections
for each OM on two conductors for power and two optical fibers are used for
communication with shore. In order to deploy these strings to sea depth, a
launcher vehicle is used. The strings are wrapped in the launcher vehicle, which
is then lowered to the seabed from a surface vessel. Once the launcher vehicle
reaches the seabed the buoy is released (via an acoustic release) and the string
rises to its full height as it is shown in Figure 3.7. Finally, a Remotely Operated
Vehicle (ROV) is used to connect the string with the under-sea infrastructure

and the launcher vehicle is recovered for subsequent deployments.

3.1.2 Optical Modules

Each OM is a pressure-resistant glass sphere with a diameter of 17 inches (432
mm) that is equipped with 31 photomultipliers (PMTs) with 3-inch (72 mm)
photocathode area and their readout electronics (Figure 3.8) [52], [53]. Each
PMT is surrounded by a cone-shaped reflector that increases the photocathode

diameter to 95 mm, collecting photons that would not be otherwise detected [84].
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Figure 3.8: Left: The KM3NeT digital optical module. Right: The assembly of
the prototype.

The PMTs are arranged in 5 rings with zenith angles of 56°, 72°, 107°, 123° and
148° respectively (Figure 3.9). The 6 PMTs in each ring are spaced at 60° in
azimuth and the successive rings are staggered by 30°. The last PMT points
vertically downward at a zenith angle of 180° [52]. This OM designed for the
KM3NeT project, has several advantages compared to the traditional design of
a single PMT with large photocathode area that is housed to an optical module
[85], [86], [87]. In particular, each KM3NeT optical module houses three times
the effective area of the single PMT in a single glass sphere while it provides
an almost uniform angular coverage. The segmentation of the detection area at
this multi-PMT OM makes it possible to distinguish single-photon from multi-
photon hits, leading to a rejection of the environmental optical background. It
also increases the reliability of the OM, as the failure of one PMT will not affect
significantly the performance of the total OM. The quantum efficiency of these
small PMTs ranges from 20% (at 470 nm) to 28% (at 404 nm). In addition,
these PMTs provide small transit time spread '. The Earth’s magnetic field
influences electron trajectories between the photocathode and the first dynode.
However, this effect is negligible for these PMTs due to their small size, and
thus a mu-metal shielding from the Earth’s magnetic field is not required. An
additional advantage of these small PMTs is the low anode current that results

to slower ageing of these photomultipliers [84]. Specifically, each PMT electronic

!The transit time is the time interval between the arrival of a light pulse at the photocathode
and the appearance of the output pulse. When a photocathode is fully illuminated with single
photons, the transit time of each photoelectron pulse has a fluctuation. This fluctuation is
called transit time spread (TTS).
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Figure 3.9: (A) The 3D cutout illustration of the OM. The zenith angle § and
the azimuth angle ¢ are indicated. ¢ = 0° points to the support cable while § = 0°
points vertically upward. (B) A picture of the prototype OM connected to the
ANTARES line during deployment. The structure to which the DOM is connected

is a standard ANTARES support frame including a cylindrical electronics container
[52].
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Figure 3.10: The internal structure of the optical module in KM3NeT project.

base which provides the high voltage for the PMT has been designed under a very
low power requirement thus adjusting the high voltage in the range 900-1300 V.
In addition to high voltage each PMT base is also responsible for the digitisation
of the analogue output signal of the PMT. The output signal is converted from
a charge signal to a voltage signal, followed by a conversion to a digital level by
a comparator, resulting in a time over threshold (TOT) signal. The TOT signal
is finally transfered to the OM central logic board (CLB) which collects the data
[83].

The data collected in PMT's are transfered to the shore station via a network
of electro-optical cables and junction boxes. This network also provides power
flow in each detection unit and slow-control communication with the detector
[80]. A position calibration system consisting of a compass-tiltmeter, an acous-
tic piezo sensor and a nanobeacon has been developed and located in each OM,
leading to an accuracy of about 10 cm in the PMT positions. This accuracy in
PMT position and direction in combination with the good timing determination
of the hits in PMTs, with an RMS less than 2 ns, are necessary for an accu-
rate muon reconstruction. The time calibration of the PMTs will be performed

onshore and then the time in PMTs will be continuously monitored in situ us-

44



3.1 Detector Design

ing laser beacons located on the sea floor and LED pulsers mounted inside the
OMs. All the OMs will be synchronized to sub-nanosecond level using a clock
signal broadcast from shore before deployment. In addition to the aforemen-
tioned devices, the OMs include electronics for data digitization and sensors for
temperature and humidity measurements while the heat from the electronics is
efficiently removed and transfered to the sea via the glass sphere with the aid
of a mushroom shaped aluminum structure [79], [80]. A sketch of the internal
structure of the OM in KM3NeT project with its main components is presented

in Figure 3.10.

3.1.3 Deep Sea Tests of Prototype Optical Module and Detec-
tion Unit of the KM3NeT detector

A first prototype OM of the KM3NeT neutrino telescope was developed and
integrated in the ANTARES detector in July 2013, at a depth of 2375 m, for
in-situ testing and validation (Figure 3.9). The aggregate hit rates of all PMTs
in the OM were measured for a period of six months and are shown in Figure
3.11(left plot). As it can be seen in this figure, some timeframe bins show
significant increases in the count rate which can be attributed to bioluminescence.
As it has been already discussed in section 2.1.5, the average rate per PMT is
approximately 8 kHz and is stable. Since the OM consists of multiple PMTs,
a search for coincidences in the same OM can be conducted. A coincidence of
hits in two (three) PMTs within a time window of 20 ns (referred to as two-
and three-fold coincidences respectively) is introduced and the corresponding
aggregate rates are shown in Figure 3.11 (left plot). The PMT multiplicity of
the OM and its ability for single-photon counting enables the muon detection
even with a single OM. This can be seen in Figure 3.11 (right plot) which shows
the event rate as a function of the coincidence level. The coincidence level
corresponds to the number of PMTs having a detected hit within a 20 ns time
window. As it is observed, the measured event rate is in good agreement with the
event rate given by the simulation of the “° K decays for a coincidence level up to
six. A mismatch between the data and the simulation for one coincidence level
is mainly due to the contribution from bioluminescence that is not simulated
and due to fact that single rates (rate of single hits in PMTs) are more sensitive
to differences between the attenuation length in water and the one used for the

simulation. At higher coincidence levels, the rate from simulated atmospheric
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Figure 3.11: Left: Aggregate hit rates as a function of the time measured in 134
ms timeframe bins. The top trace is for single hits, while the lower traces are for
two- and threefold coincidences within a 20 ns window. Right: The rate of events
as a function of the coincidence level (number of PMTs with signal in a 20 ns
time window). Black dots correspond to data while coloured histograms represent

simulations (muons in blue, “°K in red and accidental coincidences in purple) [52].

muons is in good agreement with the data. Therefore, atmospheric muons can
be unambiguously detected with a single OM by requiring coincidences at eight
PMTs [52].

In May 2014, a prototype string with three OMs at a vertical distance of 36
m was deployed at the Capo Passero site, at a depth of 3500 m. The PMTs
operated at a gain of 3 - 10 with an intrinsic dark count rate in the range 600-
1500 Hz, as measured in the laboratory, at room temperature, with a threshold
of 0.3 photoelectrons. A time calibration at a nanosecond level was performed
and the time offsets between the PMTs in the same OM (Intra-OM) and between
all three OMs (Inter-OM) were determined. The Intra-OM time offsets primarily
depend on the PMT transit time spread (up to 5 ns at FWHM) while the Inter-
OM ones depend on the cable length (~100 km). The measured coincidences
of light from “°K background were used for the Intra-OM calibration and the
LED nanobeacons (with wavelength at 470 nm) mounted inside each OM, were
used for the Inter-OM calibration. Both procedures are described in detail in
[53]. The data collected after 600 hours of operation were in good agreement
with Monte Carlo simulations of the expected optical background and the signal
from atmospheric muons (Figure 3.12 (right plot)). In this figure the rates as a

function of the coincidence level (number of PMTs with hit within 25 ns) in the
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Figure 3.12: Left: Mean value of the singles rates per PMT for the 3 DOMs. The
errors correspond to the standard deviation of the Gaussian of single rates for each
PMT. Right: Rates of multi-fold coincidences in a time window of 25 ns for the 3
DOMs, compared to the expected Monte Carlo (MC) rates for °K background and
atmospheric muons. Symbols refer to data, histograms to Monte Carlo simulations
[53].

single OMs ! are shown and compared to the rates predicted by the (full) Monte
Carlo simulation of atmospheric muons (and *°K background). As it can be seen,
signals from 4°K dominate the rates for low level coincidences while at least seven
coincidences are required to ensure the detection of atmospheric muons with one
single OM. The mean values (of about 5.9 kHz) of the single rates mainly due to
40K background for all 31 PMTs of the three OMs are also shown in Figure 3.12
(left plot). The data collected from the three OMs passed through algorithms
for hit selection according to the correlations of hits in time. In this way, an
almost background free final sample of muons was selected. Finally, the zenith
angle of the selected muons was reconstructed with an angular accuracy of about

3° using only these three OMs.

3.1.4 Data Acquisition and Event Trigger

The readout of the KM3NeT detector is based on ”all-data-to-shore” approach
[88]. According to this approach all data that pass a first filtering are sent to
shore via the optical fibre network. In particular, each PMT records the start

time and the time over threshold (ToT) of the pulse, where the start time is the

!The OM1, or equivalently DOM1 (Digital Optical Module), is the lowest OM to the sea
depth, and DOM3 is the highest.
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time at which the pulse passes beyond the threshold of 0.3 photoelectrons (level-
zero filter (LO)) and ToT is the time the pulse remains above this threshold. The
signals from PMTs pass to the readout electronics board (Central Logic Board
[89]) of the OM. Signals are then digitised and transferred to shore. Each OM
has an Internet Protocol (IP) node in an Ethernet network which allows for real
time processing of the data.

Once data have been transferred to shore, online trigger algorithms are ap-
plied to filter the data and discriminate PMT pulses from physics events from
pulses due to environmental background. Trigger algorithms, described in sec-
tion 3.2.5.2, are searching for correlations between time and positions of PMTs
with recorded pulses according to the muon or shower detection.

In addition to data from physics events, data containing the single rates of
all PMTs are recorded and stored on disk. These data, referred to as summary
data, are used in the simulations and the reconstruction algorithms to take into
account the actual status and optical background conditions of the detector.
Data from the acoustics positioning system are also transfered to shore and

stored for further processing [52], [53].

3.2 Generation and Simulation Packages

Monte Carlo simulation tools are extensively used in experimental physics in
order to study the parameters that affect the experimental setup and perform
the optimisation studies necessary for the final detector design. In KM3NeT,
the Monte Carlo generation and simulation algorithms have been used to test
and optimize the design of the neutrino telescope before the construction of
the detection units and their deployment to the deep sea, making in parallel
estimations of the scientific results that can be achieved with the corresponding
detector configuration.

The chain of software tools that are used in KM3NeT are shown schematically
in Figure 3.13 and consist of event generators for neutrinos and atmospheric
muons, algorithms for the simulation of particles, light and electronics, codes for
event triggering and packages for the event reconstruction. The water depth,
the water optical properties and background light contribution as measured in
Capo Passero site, in Italy, were used for this study. The background light

coming from “°K decays and bioluminescence and the dark current of each PMT
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were simulated. A total random background uncorrelated hit rate of 5 kHz for
each PMT in a time window of 10 us before and after the event duration was
assumed. In addition, time correlated hit rates due to genuine coincidences from
40K decay have been simulated using GEANT [90] and refer to two-, three- and
four fold hit coincidence in an OM. The two-fold coincidence refers to two hits
within 20 ns in different PMTs of the same OM and corresponds to a rate of
500 Hz per OM, while the three- and four-fold coincidences correspond to 50
and 5 Hz respectively. These coincidence rates are in reasonable agreement with
the results from the prototype optical module that was deployed in the Toulon
site[52]. The contribution of light coming from bioluminescence in the Italian
site is negligible (with a burst fraction of about 1%).

The chain for generating neutrinos and atmospheric muons, simulating par-
ticles, light and electronics and triggering and reconstructing events consists of
several steps. Initially, the detector geometry file that contains the detector con-
figuration and the characteristics of the site of the detector installation is created.
Then, the detector file is used to generate neutrinos (GENHEN) or atmospheric
muons (MUPAGE) for the corresponding detector geometry. Initial tracks are
created and used to simulate charge particle interactions, the induced photons
and their arrival times and distributions at PMTs (KM3). A file with the hits
in the PMTs is created and used as input to JTriggerEfficiency [83]. This code
is part of a set of algorithms, that simulate the PMT electronics and in paral-
lel simulate random pulses coming from background sources. JTriggerEfficiency
contains a set of criteria that check the positioning and time arrivals of photons
in PMTs in order to reject hits coming from background sources. Pulses that

pass the trigger level are used by the track reconstruction algorithms.

3.2.1 The detector geometry

The detector geometry file is created with the GENDET code [91]. It contains
information about the configuration of the detector including the shape of the
detector layout (hexagonal, circular, random, etc.), the type of photomultipliers
(single-PMT or multi-PMT), PMT orientation and positioning and the distance
between the optical modules. In this file the longitude, the latitude and the
depth at the installation site are defined. The values used for the simulation of
the ARCA detector refer to the corresponding values for the Capo Passero site
and refer to a cylindrical detector at a depth of 3500 m. The layout for one block
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Figure 3.13: Scheme of the generation, simulation and reconstruction chain.
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Figure 3.14: Layout of one block of the KM3NeT-ARCA detector.

of the ARCA detector produced by the simulation code is shown in Figure 3.14

and corresponds to an instrumented volume of ~ 0.5 km?.

3.2.2 Neutrino event generation

GENHEN (GENerator of High Energy Neutrinos) [92] is a Monte Carlo event
generator for high energy neutrinos that simulates the neutrino and anti-neutrino
interactions with matter. The maximum energy of the (anti)neutrinos generated
for this study is 10® GeV. The neutrinos are propagated through the Earth and
the Preliminary Reference Earth Model is used to calculate the density profile
[93]. The neutrino interactions are simulated with the LEPTO and RSQ pack-
ages, which are described in detail in [94], [95]. The LEPTO package computes
the total cross sections and the kinematics of neutrino-nucleon charged current
(CC) and neutral current (NC) interactions in the rock or the water around the
detector for deep inelastic scattering, while RSQ is used to calculate the low

energy quasi-elastic parts of the neutrino-nucleon interaction and A resonances.
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Since the cross section of neutrino to muon interaction is very small, only
neutrinos that interact to muons that are possible to be detected by the in-
strumented volume are generated. Thus the choice, to only simulate neutrinos
that reach a defined volume, leads to a significant decrease in the computing
time needed for the simulation. The ARCA instrumented volume is represented
by a cylinder with radius of about 504 m and height of approximately 612 m.
Cherenkov photons produced in a larger volume, which contains the cylinder
and is named the can, can reach the PMTs and produce detectable signals. The
radius and the height of the can is larger than the detector volume by approxi-
mately three times the absorption length of light in sea water (as can be seen
in Figure 3.15) so photons produced outside the volume of the can have very
low probability to reach a photomultiplier and generate signal. Following the
same reasoning, the can is surrounded by a larger volume, the generation vol-
ume representing the volume where the neutrino interactions with nuclei and
electrons in the matter surrounding the telescope happen, in order for muons
to have a non-negligible probability to reach the can volume. The generation
volume corresponds to the volume of the can expanded at the maximum lepton
range in the medium (rock or sea water) for the maximum value of the energy
range which is generated.

In case of neutrinos that have interacted inside the volume of the can, all
particles for the neutrino interaction are simulated and recorded. If neutrinos
have interacted outside the can, the shortest distance between the neutrino in-
teraction vertex and the can is calculated. This distance is, then, compared to
the maximum muon range for the corresponding neutrino energy. If this distance
is smaller than the maximum muon range, the muon is transported to the can
surface using one of the codes for muon propagation (MUSIC [96], MUM [97] or
PropMu [98]). Otherwise the event is rejected as the muon would not reach the
instrumented volume.

Neutrinos can be generated with GENHEN according to a specific E~7 spec-
trum where ~ can be defined by the user. This energy spectrum is theoretically
motivated by the Fermi shock acceleration mechanism which describes the pro-
duction of high energy neutrinos. The  index used for this analysis corresponds
to 7 = 1.4 as it gives reasonable statistics in the whole energy range from 102
GeV to 10® GeV. Neutrinos were uniformly generated in a zenith angle range

[0,7] and in an azimuth angle range [0, 27]. The flux of neutrino events to the
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Figure 3.15: The detector and the can volume are illustrated.

ARCA detector can be re-weighted to another spectrum when it is necessary (as
it is described in detail in [99]). In this spirit, the events used for the sensitivity
studies in chapter 6 have been re-weighted to the astrophysical flux observed by
IceCube.

3.2.3 MUPAGE: An atmospheric muon generator

The simulation of the extensive air showers that are initiated by cosmic ray
interactions in the atmosphere of the Earth is a highly CPU time consuming
procedure due to the high particle multiplicity of each event. In addition, the
atmospheric muon flux is by several orders of magnitude higher than the astro-
physical neutrino flux. Therefore, if one needs to simulate atmospheric muons
for a given observation time, corresponding to the time needed to obtain ade-
quate statistics of astrophysical neutrinos, he would end up with a huge number
of atmospheric muon events. There are packages that perform detailed simula-
tions of the extensive air showers (such as CORSIKA [100]), but the use of these
packages for the simulation of the atmospheric muon flux for a detector with an

instrumented volume of several cubic kilometers in terms of CPU needed, does
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not allow the simulation of reasonable statistics. In order to simulate statistical
samples of atmospheric muons that correspond to the atmospheric flux that a
neutrino telescope would detect during few days or months of operation, a fast
simulation program is necessary.

The MUPAGE package [101], [29] uses parametric formulas to calculate the
flux of muon bundles, taking into account the muon multiplicity and the muon
energy spectrum in a bundle, as a function of the distance from the axis of the
shower. In particular, the flux of single and multiple muon events (consisting
the muon bundle), their angular distribution and their energy spectrum has been
parameterized for muons reaching the detector with zenith angles from 0° up to
85°. In the MUPAGE package the cylindrical volume where muons are generated
can be defined by the user. For this study, muons are generated on the surface of
the can that was used for the generation of neutrinos with the GENHEN code.
A livetime for the number of simulated atmospheric muons is estimated by this
package. This livetime corresponds to the time interval in which this number
of muons would be generated according to the atmospheric muon flux. The
parametrization of the cosmic rays interactions and the propagation of showers
in the Earth’s atmosphere (based on HEMAS code [29]) further reduces the time
of the simulation. However, this simulation does not include the component of
the secondary cosmic ray flux originating from the decay of charmed mesons and
other short-lived particles produced during cosmic ray interactions in the atmo-
sphere. Finally, muons produced by the decays of secondary mesons reaching
the sea level are propagated down to a depth of 3500 m with the MUSIC code
[96].

3.2.4 The KM3 simulation package

The particles are generated inside the volume of the can or are propagated up
to the can surface, if they have been generated outside the can, with the codes
described in the session above. The simulation of photons emitted along the path
of charged particles produced by the neutrino interactions, are performed via the
KM3 simulation package. The KM3 simulation package uses tabulated results,
from full simulations with the GEANT package, of muons and electromagnetic
cascades in the sea water to generate the number of photons reaching the PMTs.
The full simulation of all the interactions of particles in the sea water and of

all photons produced by these interactions is a time consuming procedure. In
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order to reduce the CPU time necessary for these simulations, the KM3 package
uses tables that contain information about the full wavelength dependence of
Cherenkov light production, propagation, scattering and absorption in sea water,
the response of the PMTs, including absorption in the glass and the optical gel,
the PMT quantum efficiency and the reduced effective area for photons arriving
off-axis [102].

The KM3 simulation package uses information from three different categories
of tabulated results. Initially, the photon tables containing the distribution of
generated photons by charged particles in sea water for segments of 2 m are
read. The light coming from secondary particles is also included in these tables.
Then, photon tables are used to calculate the probability that a photon hits a
PMT, taking into account the intrinsic parameters of the PMT (response of the
PMTs, absorption in the glass and the optical gel, the PMT quantum efficiency).
Finally, the particles are propagated through the volume of the detector (using
MUSIC code [96]) and the distributions of hits are produced for the PMTs of
the detector configuration (defined by the user) based on the topology of each
event and on the probability tables of hits that have already been created.

3.2.5 JTriggerEfficiency: Generation of pulses and optical back-
ground in PMTs and event triggering

3.2.5.1 Generation of pulses and optical background in PMTs

The hits in PMTs that have been produced with the KM3 package are used as
input to JTriggerEfficiency in order to check if they can give detectable pulses
in the output of PMTs, taking into account the characteristics of the PMTs
used in KM3NeT, as they have been measured in the laboratory. Therefore, the
transit time distribution per photon used in the simulation corresponds to an
approximately Gaussian smearing with 2 ns sigma for the majority of photons.
The Time over threshold (ToT) is also calculated using the information regarding
the start time and the duration of the pulse and is set to a maximum of 255 ns.
Moreover, the saturation of PMTs from photoelectrons arriving simultaneously
has been taken into account and calculated to occur at ~ 40 photoelectrons [83].

In order to simulate the light that will be collected by the PMTs in sea
water, hits coming from 40K decays are generated. This simulation includes

both random noise hits with a rate of 5 kHz per PMT and hits at multiple
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PMTs of the same OM resulting to 2, 3, 4 - fold coincidences with rates of 500,
50, 5 Hz per OM respectively.

3.2.5.2 Event triggering

Once the simulation of light that will be detected by the PMTs has been com-
pleted, a set of algorithms for event triggering are implemented in order to
discriminate between hits from neutrino induced particles depositing light in
the instrumented volume and noise hits producing pulses in PMTs which are
misidentified as signal. In order to keep mostly hits related to neutrino interac-
tions in sea water, the algorithms for event triggering search for OMs with hits
of large amplitudes or hits on multiple PMTs of the same OM. Then, the L1
filter requires a coincidence of two or more hits from different PMTs in the same
optical module within a time window of T = 10 ns (low scattering of light in deep
sea water allows for such small time window) and consider PMTs with an angle
between the PMT axes of direction less that 90° (L2 trigger). Then a directional
filter is applied that uses a scan of the sky (with a step of approximately 10°)
and an assumed neutrino direction in order to causally connect times within a
spherical (cascade) or cylindrical (track) geometry. Finally, a requirement of at
least 5 L1 hits is applied leading to a significant reduction of random coincidences

due to noise hits [83].
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4

Track Reconstruction

During the detector optimization studies for KM3NeT, several track reconstruc-
tion algorithms were developed. The Chameleon reconstruction will be described
in this chapter. The performance of this reconstruction package before and after
the improvements that were applied will be discussed. Finally, the Chameleon
reconstruction will be compared with another track reconstruction, the recoL NS,

which was also used throughout this thesis.

4.1 The Chameleon Track Reconstruction

The light collected in photomultipliers (PMTs) during the muon passage through
sea water is used in order to reconstruct the muon and consequently the neutrino
direction. The neutrino direction is almost co-linear with the muon track for
high energy neutrinos. It is, therefore, possible to determine the parent neutrino
direction by reconstructing the daughter muon track. As shown in Figure 4.1,
the intrinsic angle between the muon and the neutrino direction is less than 0.5°
for neutrinos with energy above 1 TeV, reaches 0.1° for neutrinos with energy
above 20 TeV while it drops to less than 0.001° for neutrinos at the PeV energy
range. The Chameleon reconstruction algorithm was used for the muon track
reconstruction. This reconstruction package consists of two main parts. The hits
pattern recognition which includes algorithms for the selection and grouping of
PMT hits in track candidates and the fitting algorithm that uses a x? minimizer

in order to reconstruct the direction of the muon track [104].
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Figure 4.1: The intrinsic angle between the neutrino and muon direction (AQ) as

a function of log,, E, [103].

4.1.1 Hits Pattern Recognition

One of the main sources of background noise in underwater neutrino telescopes
consists of *°K decays. Photons produced by random “°K decays are detected
by the PMTs together with photons produced by the muon passage through sea
water. A x? minimizer is very sensitive to hits from background noise contri-
bution, therefore hits should be accurately selected before a fitting algorithm
is applied. During the hit selection, two different filters are used to distinguish
the hits from random “°K decays, from hits originated by the muon passage
through sea water. The first filter is based on an L1 trigger. Hits pass this
trigger if there is a coincidence of two or more PMTs in the same OM in a time
interval of 10 ns [83]. Throughout this analysis only L1 hits were used for the
track reconstruction in order to reduce °K contribution. Then, the triggered
hits pass through a series of hit selection algorithms. These algorithms, which
are described in detail in [104], take into account the arrival time of hits in PMTs,
the amount of charge collected per OM and the consistency of the hit pattern
with the Cherenkov hypothesis in order to maintain the Cherenkov photons that
are created as the muon travels through the sea water and discard hits coming

from random %°K decays.
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4.2 Performance of the Track Reconstruction

4.1.2 Fitting Algorithm

The fitting algorithm uses a x? minimizer in order to reconstruct the direction
of the muon track. The arrival time of the hits that have passed the hit selection
criteria and the corresponding PMT coordinates are recorded. The expected
arrival times in these PMTs are calculated for different track candidates, as-
suming that these hits have been produced by Cherenkov photons and the track

candidate that minimizes x? is selected. The x? function that is minimized is:

tg:cpected _¢measured
2

X2:zz 5 ,

i

fxp ccted 55 the expected arrival time, tlme“s“md is the measured PMT

time and o; is the error associated with the ith hit [104].

where t

4.2 Performance of the Track Reconstruction

A good angular resolution is critical for neutrino telescopes in order to point
back to astrophysical neutrino sources. The performance of a track reconstruc-
tion algorithm is, thus, determined by the number of events which are reliably
reconstructed and can point back to these sources. The angle difference between
the simulated and the reconstructed track direction (AQ) for all reconstructed
events with the Chameleon reconstruction is shown in Figure 4.2. As it is shown
in this figure, the direction is reconstructed very accurately (A <1°) for most
events. However, large angle differences leading to a loss in pointing accuracy
can be observed. In particular, a peak at AQ) ~85° is due to large uncertainties
in the reconstruction of the azimuth angle ¢. Therefore, events with A >1° or
more indicate less accurately the origin of the parent neutrino in the sky com-
pared to events with A2 <1° corresponding to pointing accuracy of sub-degree
level. Throughout this thesis, events are considered and referred to as well re-
constructed if tracks have an angle difference between the simulated and the
reconstructed track direction less or equal to 1 degree (A2 <1°). The track re-
construction uses the light collected in photomultipliers to reconstruct the muon
direction. Therefore, it is expected to perform less efficiently for tracks passing
outside the detector and do not cross the instrumented volume, thus depositing
light in the borders of the detector. Although the reconstruction algorithm is ap-

plied to all events, in order to examine the overall performance of the Chameleon
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Figure 4.2: The angle difference between the simulated and the reconstructed
track direction, AQQ, for all reconstructed events with the Chameleon reconstruction.
The right plot is a zoom of the distribution of the angle difference for events with
AQ <45°.

reconstruction, only events that have crossed the detector (Figure 4.3) and the
muon has deposited most of the light in the instrumented volume are considered.

The quality of a reconstruction can be defined as the ratio of the well recon-
structed events over all reconstructed events. Figure 4.4 shows the distribution
of the quality for the whole muon energy range. The quality of this algorithm for
all the tracks that have been reconstructed is very low (<50%) (as can be seen in
the black line of Figure 4.4) for muons in the lower energy range (£, < 10 TeV),
while for muons with higher energies (E, > 10 TeV) a quality of ~65% can be
attained. For events crossing the detector, the quality increases for muons in the
higher energy regime (£, > 10 TeV) and reaches ~87% for muons with energies
at the PeV range. This reconstruction algorithm, based on a x? fit, performs less
efficiently for short tracks, as photons from the hadronic shower cannot be dis-
tinguished from Cherenkov photons leading to a misreconstruction of the track
direction. High energy muons passing outside the detector (depositing the light
in PMTs at the borders of the instrumented volume) are thus more likely to be
misreconstructed than muons crossing the detector and so depositing the light
in the instrumented volume. The quality though remains low for muons with
energies I/, < 10 TeV crossing the detector as muons at these lower energies
emit a smaller amount of photons compared to high energy muons. These tracks
should then travel longer distances inside the detector in order to allow for the

distinction of photons from the hadronic shower from Cherenkov photons and
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Figure 4.3: The detector and the can volume are illustrated. The events consid-
ered for this study could have been created inside the detector volume (1), could
cross the detector (2) or could stop inside the detector volume (3). Events that
pass outside the detector volume are not taken into account.
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Figure 4.4: The quality of the reconstruction is shown as a function of log,, E,,.
The black line corresponds to all reconstructed events and the red line to all recon-

structed events crossing the detector.

thus get reliably reconstructed. As it can be observed in Figure 4.4 most muons
with energies £/, < 10 TeV are not likely to be reconstructed if they pass outside
the detector. Finally, the drop of the quality for muons with E,, > 60 PeV is
due to low statistics in this energy bin.

As discussed above, the events crossing the instrumented volume are more
probable to get reliably reconstructed than events passing outside the detector.
The percentage of poorly reconstructed events (AQ >1°) passing outside the de-
tector volume is ~20% as reported in Table 4.1, while only ~ 3,5% of the well
reconstructed events do not cross the instrumented volume. The distribution of
the muon energy for all reconstructed events and for events crossing the detector
volume is shown in Figure 4.5. This figure also shows the ratio of well recon-
structed events crossing the detector to all well reconstructed events with respect
to the muon energy. Muons in the higher energy regime ( E, > 1 PeV) emit
a large amount of very energetic photons during the passage through sea water
and so these events are most probably reliably reconstructed even if they pass
outside the instrumented volume. However, the selection of tracks crossing the
detector volume results in a sample of reconstructed events with higher quality

and so is favorable even for high energy muons.
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Reconstructed events with AQ>1° that do not cross the detector 20%
All reconstructed events with AQ>1° 0

Well reconstructed events(AQ<1°)that do not cross the detector 3.5%
All well reconstructed events(AQ<1°) 270

Table 4.1: The percentage of poorly and well reconstructed events that do not
cross the detector.
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Figure 4.5: Left: The distribution of the reconstructed events for the whole muon
energy range. The black line corresponds to all reconstructed events, the red line
to all well reconstructed events, the blue and the magenta line correspond to all re-
constructed and well reconstructed events respectively crossing the detector. Right:
The ratio of well reconstructed events crossing the detector with respect to the
log,y E,.

4.3 Reconstruction Improvements

The events considered here have crossed the detector and have deposited most
of the light in the instrumented volume as described in section 4.2. Several
improvements have been performed to the reconstruction algorithm and a quality
selection has been established. In order to get a reliable reconstruction of the
muon direction, the reconstructed tracks should satisfy the following quality
selection.

i. As the reconstruction is based on a x? fit, a minimum number of OMs
should have been hit in order to get a reliable direction determination. As
it is shown in Figure 4.6, a selection of events with hits at 8 OMs used for
the final fit in the reconstruction seems reasonable as an average quality of

approximately 55% is achieved. A minimum number of 5 OMs with Lls is
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Figure 4.6: The quality of the reconstruction and the fraction of well reconstructed
events with at least 5 OMs with L1s as a function of the required number of OMs
with hits used by the reconstruction.

required to reconstruct an event. As it is shown in Figure 4.6 (right plot), more
than 85% of the fraction of well reconstructed events satisfying this requirement,
have hit at least 8 OMs. When a larger number of OMs with hits is required, the
fraction of well reconstructed events that survive the selection decreases. The
reconstruction algorithm is thus required to have used hits from at least at 8
OMs on at least 2 strings. This criterion enhances the efficiency for muons that
have traveled an adequate path inside the instrumented volume and helps to
reject tracks that pass near the border of the detector.

ii. the muon length is required to be at least half the maximum length possible

S length possiite > 0-5

Muon length is defined as the distance between the first and the last photon
emission point. All photons are assumed to be Cherenkov photons. Mazimum
length possible is the distance between the first photon emission point and the
last possible photon production point (Figure 4.7). It is calculated by projecting
the track direction to the intersection point with the detector and assuming a
Cherenkov photon could hit the PMT closest to the detector border.

iii. If the emission point of the majority of photons happens to be before

the reconstructed muon vertex, the event is most probably poorly reconstructed.

! As it has been shown in Figure 2.9, a muon with energy of 10 TeV travels more than 10

km.
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Figure 4.7: The muon length and the maximum length possible of the muon are
illustrated.

This happens for events with a large amount of photons coming from the hadronic
part compared to the number of Cherenkov photons or for events with only a
small fraction of the muon track inside the detector. In the latter case, mostly
photons from the hadronic part of the event are detected. These events can be
rejected by counting the number of hits that lie behind the reconstructed vertex.
A loose cut is applied: Events are accepted if less than 70% of the hits used for

the reconstruction lie behind the reconstructed vertex:

Nhits behind the reconstructed vertex
Nhits <07

The performance of the reconstruction after these selection criteria is investi-
gated for all events. The number of well reconstructed events (events with angle
difference AQ2 between the simulated and the reconstructed track direction less
than 1°) that survive the selection criteria is compared to the number of mis-
reconstructed events (AQ >1°). Since in this analysis we focus on detecting a
possible signal from diffuse flux, the performance of the reconstruction for high
energy muon tracks with E, > 100 TeV is also investigated.

Criterion (i) is the minimum criterion in order to accept reconstructed events.
As the number of OMs hit depends on the muon energy, this requirement is
expected to reduce the reconstruction efficiency for low energy events. The
number of the events that fail to fulfill this criterion for all events and for events
with £, > 100 TeV are shown in Tables 4.2 and 4.3 respectively. The events
rejected by this criterion refer mainly to the lower range of the energy spectrum

with £, < 100 TeV as can be seen from these tables. The 63 % of poorly

65



4. TRACK RECONSTRUCTION

reconstructed events fail to satisfy this requirement for the whole muon energy
range, while for muons with E, > 100 TeV a rejection of 13 % is achieved.
The percentage of well reconstructed muons rejected by this cut is 0.12% for

E, > 100 TeV and 14% for the whole energy range.

Reconstructed events with AQ>1° rejected by the quality criterion(i) 63%
Reconstructed events with AQ>1° 0

Well reconstructed events(AQ<1°)dropped by the quality criterion(z) 14%
Well reconstructed events(AQ<1°) 0

Table 4.2: The percentage of poorly and well reconstructed events rejected by the
quality criterion (i) is presented.

For E, > 100TeV:

Reconstructed events with AQ>1° rejected by the quality criterion() 13%
Reconstructed events with AQ>1° 0

Well reconstructed events(AQ<1°)dropped by the quality criterion(i) 0.12%
Well reconstructed events(AQ<1°) ) 0

Table 4.3: The percentage of poorly and well reconstructed events with E,, >
100TeV rejected by the quality criterion (i) is presented.

Reconstructed events with AQ>1° rejected by the quality criteria 249%
Reconstructed events with AQ>1° satisfying the quality criterion(i) 0

Well reconstructed events(AQ<1°)dropped by the quality criteria 1%
Well reconstructed events(AQ<1°) satisfying the quality criterion(i) 0

Table 4.4: The percentage of poorly and well reconstructed events rejected by the
quality criteria is presented.

The efficiency of the quality criteria (ii) and (iii) for well reconstructed events
is ~99% as inferred from Table 4.4 as only 1% of the well reconstructed events
fails to meet the requirements (ii) and (iii). In Table 4.4 one can see that an
additional rejection of ~24% is achieved for events for which the reconstruction
performs less efficiently leading to an angle difference between the simulated and

the reconstructed track direction of AQ > 1°. The quality criteria (ii) and (iii)
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Figure 4.8: The median of the angle difference (AQ)) between the simulated and
the reconstructed track direction is shown as a function of log,, £,,. The right plot
is a zoom of the distribution of the median of this angle difference for AQ <1°.
The black dots correspond to all events crossing the detector, the blue dots to the
events that fulfill quality criterion (i) and the red dots refer to events satisfying all
selection criteria ((i),(ii),(iii)).

reject ~28% of poorly reconstructed events with £, > 100TeV and only ~0.2%

of the well reconstructed events (Table 4.5).

For E, > 100TeV:

Reconstructed events with AQ>1° rejected by the quality criteria 28%
Reconstructed events with AQ>1°satis fying the quality criterion(i) 0

Well reconstructed events(AQ<1°)dropped by the quality criteria 0.2%
Well reconstructed events(AQ<1°) satisfying the quality criterion(s) 270

Table 4.5: The percentage of poorly and well reconstructed events with £, >
100T°eV rejected by the quality criteria is presented.

The median of the angle difference (AQ) between the simulated and the
reconstructed track direction is shown in Figure 4.8. The median is less than
0.5° for E,, > 1TeV while it reaches 0.38° for E,, = 10 TeV. A very good angular
resolution is achieved in the high energy regime with the median of AQ =0.18°
for £, ~ 3 PeV. For muon energies above 10 PeV the calculation of the median
is dominated by limited statistics.

The effective area is a quantity that describes the capability of a neutrino
telescope to detect neutrinos from astrophysical sources. It is related to the

number of detected events in a time interval for an astrophysical neutrino flux
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by:

Nel,j_[gnts — dey%Ale/ff(Ey)

where A%/ (E)) is the effective area, Zg’; is the astrophysical cosmic flux, T
a time interval and Neyents the number of detected events. The effective area
gives an estimate of the ratio of the number of reconstructed events (Ny.) to the
number of generated events (Ngyey,) for a given neutrino flux and is calculated by

the following formula:

AT (E,,0,) = RSG5 Vaen - 0(By) - (pNa) - 7o EIeNaz(0)

where Vi, is the generation volume of the events, pN4 is the target nucleon
density, N4 the Avogadro number, ¢ the neutrino cross section and z(6) the
neutrino path across the Earth in a direction 6. Figure 4.9 shows the effective
area (in m?) for neutrinos versus log;q E, (GeV) for all reconstructed events
crossing the detector volume (black line) and for events satisfying the quality
criteria (the blue line corresponds to events satisfying quality criterion (i) and
the red line corresponds to events satisfying all quality criteria). A reduction of
the effective area in the low energy range with E, < 10 TeV can be observed as
most events in this energy regime fail to satisfy the selection criteria. In the high
energy range the majority of events fulfill the quality selection so as the energy
increases, the selection criteria result in only a small reduction of the effective

area. The effective area after the cuts is thus comparable to the initial values.

The efficiency (left plot) and the quality (right plot) of the selected events
after the reconstruction are shown in Figure 4.10. The efficiency is defined as the
ratio of the reconstructed events after selection cuts to the simulated events that
have at least 5 OMs with L1s (trigger level condition), which is the minimum

number OMs that can be used for the track reconstruction.

Efficienc _ Reconstructed events after selection cuts
Y = Simulated events that have at least 50Ms with L1s

The quality of the reconstruction is the ratio of the well reconstructed events
to all reconstructed events satisfying the selection criteria. The events are re-
ferred as well reconstructed if the difference between the reconstructed and the

simulated track direction is less or equal to 1 degree(AQ <1°).

Qualit _ Well reconstructed events after selection cuts
Y= Reconstructed events after selection cuts
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Figure 4.9: The neutrino effective area is shown as a function of log,y E,. The
black line corresponds to all events crossing the detector, the blue line to the events
that fulfill quality criterion (i) and the red line refers to events satisfying all selection
criteria ((i),(ii),(iii)).

A good quality (>80%) of the reconstructed events especially in high energies
(B, > 15TeV) can be established, accompanied by an efficiency of ~ 67% for
E, > 15TeV and >82% for E,, > 40TeV rising with energy to approximately
~95% for E, > 100TeV. This can be seen in Figure 4.10, where the black line
corresponds to all events crossing the detector, the blue line to the events that
fulfill quality criterion (i) and the red line refers to events satisfying all selection
criteria ((i),(ii),(iii)).

The several selection criteria are expected to equally favor all muon zenith
angles. In order to ensure that the events surviving this selection do not depend
on the incident angle of the track to the detector, the distribution of the recon-
structed muon zenith angle for events that survive quality criteria (i), (ii) and
(iii) is investigated. Results are shown in Figure 4.11 where one can see that all

reconstructed angles are equally favored by the several selection criteria.
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Figure 4.10: The efficiency and the quality of the reconstruction are shown as a
function of log,, E,,. The black line corresponds to all events crossing the detector,
the blue line to the events that fulfill quality criterion (i) and the red line refers to

events satisfying all selection criteria ((i),(ii),(iii)).
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Figure 4.11: The distribution of the reconstructed muon zenith angle is shown.
The black line corresponds to all events crossing the detector, the blue line to the
events that fulfill quality criterion (i) and the red line refers to events satisfying all

selection criteria ((i),(ii), (iii)).
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Configuration

4.4 Performance of the Track Reconstruction for an

Alternative Detector Configuration

The performance of the Chameleon track reconstruction has been tested for
events that were simulated with an alternative detector configuration. The dis-
tance between strings in this detector is 120 m compared to the 90 m string
distance that was defined for the standard detector layout. The larger distance
between strings leads to a 80% increase of the instrumented volume enhancing
the detection ability for high energy neutrinos, which are of interest in these
large neutrino telescopes.

For this detector configuration, the median of the angle difference (AQ) be-
tween the simulated and the reconstructed track direction is shown in Figure
4.12. The median is less than 0.5° for E, > 1TeV while it reaches 0.4° for
E, = 10TeV. A very good angular resolution is achieved in the very high energy
regime with a median of A} =0.25° for E,, ~ 3 PeV. For muon energies above
10 PeV the calculation of the median is dominated by limited statistics.

Figure 4.13 (left plot) shows the effective area (in m?) for neutrinos with
respect to logyo B, (GeV). A comparison between the effective area for this
alternative detector layout and the effective area for the standard detector (90
m distance between strings) for events that fulfill quality criterion (i) and the
selection criteria (i),(ii),(iii) is shown in Figure 4.13 (right plot). As it can be
observed in this plot, the effective area decreases in the lower energy range
for B, < 10TeV for the alternative detector, while it increases significantly in
the high energy regime (at the PeV energy range) as the larger instrumented
volume favors the detection of high energy muons. In these high energies, the
vast majority of events fulfill the selection criteria and the effective area after
the cuts is comparable to the initial values (all reconstructed events crossing the

detector volume (black line)) as it is shown in Figure 4.13 (left plot).

A good quality (>80%) of the reconstructed events especially in high energies
(B, > 100 TeV) can be established, accompanied by an efficiency of ~ 83%
for E, > 100TeV rising with energy to approximately ~95% for muons with
energy at the PeV range. This can be seen in Figure 4.14, where the black line
corresponds to all events crossing the detector, the blue line to the events that
fulfill quality criterion (i) and the red line refers to events satisfying all selection

criteria ((1),(i), (iii)).
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Figure 4.12: The median of the angle difference (A2) between the simulated
and the reconstructed track direction is shown as a function of log,y £, for the
alternative detector configuration. The right plot is a zoom of the distribution of
the median of this angle difference for AQ) <1°. The left plot contains all values
of median with respect to log,q £, while the black dots correspond to all events
crossing the detector, the blue dots to the events that fulfill quality criterion (i) and
the red dots refer to events satisfying all selection criteria ((i),(ii),(iii)).
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Figure 4.13: Left plot: The neutrino effective area is shown as a function of
log,o £, for the alternative detector geometry. The black line corresponds to all
events crossing the detector, the blue line to the events that fulfill quality criterion
(i) and the red line refers to events satisfying all selection criteria ((i),(ii),(iii)).
Right plot: Comparison of the effective area for the standard (solid line) and the
alternative (dashed line) detector configuration.
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Figure 4.14: The efficiency and the quality of the reconstruction are shown as a
function of log,, £,,. The black line corresponds to all events crossing the detector,
the blue line to the events that fulfill quality criterion (i) and the red line refers to

events satisfying all selection criteria ((i),(ii),(iii)).

The dependence of the reconstructed muon zenith angle from the selection
criteria (i), (ii) and (iii) has been studied. The distribution of the reconstructed
muon zenith angle for events that survive quality criteria (i), (ii) and (iii) is
shown in Figure 4.15, where one can see that all reconstructed angles are equally

favored by the several selection criteria.
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Figure 4.15: The distribution of the reconstructed muon zenith angle is shown.
The black line corresponds to all events crossing the detector, the blue line to the
events that fulfill quality criterion (i) and the red line refers to events satisfying all

selection criteria ((i),(ii),(iii)).

4.5 Comparison between the Chameleon and the recoLNS

Reconstruction Package

The performance of the Chameleon track reconstruction, which is based on a x?
fit, is compared with the performance of another track reconstruction package
using a probability density function (pdf) in order to estimate the muon track
direction, known as recoLNS [103]. All comparisons described in this section,
refer to the standard detector geometry with an average distance of 90m between
the strings, resulting in an instrumented volume of almost 0.5 kmS3.

In order to estimate the efficiency of each reconstruction method the number
of the reconstructed tracks and the fraction of well reconstructed tracks as a
function of the muon energy are investigated. Figure 4.16 shows the number
of reconstructed (left plot) and well reconstructed (right plot) muon tracks as
a function of log;y F,. Here, as in the previous sections, well reconstructed
tracks refer to tracks that were reconstructed with an angle difference between
the simulated and reconstructed muon direction less than 1°. The black line
corresponds to events reconstructed with recoLNS and the red line refers to
events reconstructed with Chameleon. Compared to Chameleon, the recoLNS
algorithm reconstructs a larger amount of events in the lower energy range (E, <
50 TeV) while the number of events is comparable in the high energy regime,

which is the energy regime of interest for a diffuse flux signal. A similar excess
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Figure 4.16: Left plot: Number of reconstructed events as a function of log,y E,,.
Right plot: Number of well reconstructed events (AQ <1°) as a function of of
log,¢ F,. The black line corresponds to events reconstructed with recoLNS and the

red line refers to events reconstructed with Chameleon.

of reconstructed tracks with recoLNS can be observed for well reconstructed
events for tracks with £, < 50 TeV. The number of well reconstructed tracks
with Chameleon tends to be larger in the high energy regime though.

This study focuses to the measurement of the muon energy. Therefore, the
events of particular interest for this study, are events that have crossed the detec-
tor (Figure 4.3 ) and so deposited a significant amount of the light in the instru-
mented volume. For this reason, the reconstruction algorithms are compared for
these events and results are shown in Figure 4.17. The recoLNS algorithm is still
more efficient for £, < 50 TeV as both the fraction of reconstructed and well
reconstructed events is larger, while for muons with higher energies (£, > 50
TeV) both reconstruction algorithms have comparable behavior.

Each reconstruction package has criteria in order to select the tracks that
are well reconstructed and in parallel reduce the amount of poorly reconstructed
tracks in the event sample. The performance of these reconstruction packages is
compared for the final event samples after this selection. The selection criteria
applied for the Chameleon reconstruction are criteria (i), (ii) and (iii) mentioned
at section 4.3, while the selection criterion for the recoL NS reconstruction is cal-
culated as the maximum log-likelihood value per degree of freedom found by the
fit. This criterion is named A and the events with A > —5.8 are selected in the
final event sample [105], [103]. Figure 4.18 shows the energy distributions for the

reconstructed events crossing the detector that are selected by these reconstruc-
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Figure 4.17: Left plot: Number of reconstructed events as a function of log,y E,
for events crossing the instrumented volume. Right plot: Number of well recon-
structed events (AQ <1°) as a function of of log;, E,, for events crossing the instru-
mented volume. The black line corresponds to events reconstructed with recoL NS

and the red line refers to events reconstructed with Chameleon.

tion algorithms. For the final event selections, the numbers of all reconstructed
tracks and well reconstructed tracks are comparable for both reconstruction al-
gorithms within the high energy range, while in the lower energies the recoLNS
reconstructs a small portion of additional tracks.

In order to make the comparison of the reconstruction algorithms more pre-
cise, a study of the angular resolution is essential. The pointing accuracy that
is obtained with the recoLNS method is shown in Figure 4.19. Compared to
the Chameleon (Figure 4.8), the recoLNS reconstruction provides a better an-
gular resolution for E),, < 50 TeV. For muons with energies in the high energy
range the results are comparable for both reconstructions, while Chameleon has

a better pointing accuracy for muons at the PeV energy range.
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Figure 4.18: Left plot: Number of reconstructed events as a function of log,, E,
for events crossing the instrumented volume and survive the selection criteria. Right
plot: Number of well reconstructed events (AQ <1°) as a function of of log,, E,
for events crossing the instrumented volume and survive the selection criteria. The
black line corresponds to events reconstructed with recoL NS and the red line refers

to events reconstructed with Chameleon.
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Figure 4.19: The median of the angle difference (AQ) between the simulated and
the reconstructed track direction with 68% and 90% quantiles is shown as a function
of log, E,, taken from [103]. The red line refers to the intrinsic angle between the

neutrino and muon direction.
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Energy Reconstruction with
Neural Networks (EReNN)

5.1 Scientific Motivation

The reconstruction of muon and consequently the neutrino energy is critical in
neutrino telescopes. The spectrum of astrophysical neutrinos that constitute the
signal of the detector extends to higher energies compared the to background
from atmospheric v, that reach the detector volume and mimic our signal (Fig-
ure 5.1). The energy estimation is, therefore, essential for the discrimination of
neutrinos and muons coming from the CC interactions of astrophysical neutrinos
with the water or the rock below the detector, from atmospheric v, and p events.
Moreover, the determination of the energy is a major parameter in the identifi-
cation of the neutrino sources that affects all analyses performed in Cherenkov
detectors, such as searches for point sources of neutrinos, diffuse extraterrestrial
neutrinos, neutrino oscillations, and measurements of the total neutrino-nucleon
cross section via neutrino absorption in the Earth.

Muons lose energy via ionization and by stochastic processes, such as brems-
strahlung, pair production, and photonuclear interactions. The total average

energy loss of the muon is:

~ — a(B) +b(B) - B, (5.1)

where a ~ 0.274 GeV m~! accounts for the energy loss due to ionization and
b~ 0.000349 m~! is due to the stochastic energy loss. Muons with E, >1TeV

lose energy stochastically, while for lower energies ionization dominates as can be
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Figure 5.1: The energy spectrum for atmospheric neutrinos and neutrinos of astro-
physical origin as predicted by theoretical models. The black dots correspond to the
experimental data from the IceCube Collaboration [33].

seen in Figure 5.2 [106]. In the following sections we describe a method to derive
muon (and neutrino) energy from the light collected along its passage through

the detector volume.
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Figure 5.2: The evolution of parameters a and b as a function of energy for muons
traveling in water [106].
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5.2 Data Selection

Since the determination of neutrino and muon energy is based on the collection
of light in PMTs, some minimum requirements should be fulfilled in order to get
a reliable energy estimator.

Muons should travel an adequate distance inside the instrumented volume
thus depositing the light in photomultipliers before an attempt to evaluate their
energy is made. In order to select such events (that cross the detector) (Figure
4.3) and in parallel separate them from events with the muon passing outside
the instrumented volume that mostly deposit the light in the border strings of
the detector, the following formula is introduced:

Number of border strings 1

< = 5.2
Number of strings 2 (52)

where the number of strings refers to the total number of strings with hits
that have been used for the final fit of the track reconstruction and the num-
ber of border strings refers to the total number of these strings that lie in the
circumference of the detector.

Figure 5.3 shows the events that satisfy (left plot) and do not satisfy this
condition (right plot) as a function of logigE,. As can be seen in this figure,
85.4% of the events that cross the detector satisfy this criterion and are referred
to as well contained events, while 77.7% of the events that do not satisfy this
selection pass outside the instrumented volume. Most events with muon energy
at the PeV range are reconstructed to cross the detector. Muons at these high
energies emit energetic photons that are detected from both the border and the
internal strings of the detector. High energy muons can, therefore, satisfy the
condition (5.2) even if they pass outside the instrumented volume.

A minimum muon path inside the instrumented volume is required for well
contained muons. Only well contained muons for which the direction of the
muon track has been reliably reconstructed (events that satisfy the selection
criteria (i), (ii) and (iii) described in section 4.3) are considered. In order to
determine this minimum muon path one should take into account that the optical
modules (OMs) in the detector configuration are not homogeneously distributed
in space. The distance of OMs on a string is 36 m while the distance between
neighboring strings is approximately 90m. Consequently, a horizontal muon

traveling a distance in the detector would meet approximately 50% less OMs
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Figure 5.3: Left: The ratio of the events that are reconstructed to cross the

detector based on equation (5.2) to the events that cross the detector with respect
to log,y £/,,. Right: The ratio of the events that are reconstructed not to cross the
detector based on equation (5.2) to the events that do not cross the detector with

respect to log,y E,,.
along its path compared to a vertical muon traveling the same distance. In
order to account for this inhomogeneity in the spatial distribution of OMs, the
minimum muon path through the detector should differ with the muon zenith

angle. We define the minimum muon path (L) by the formula:

1 1
in'h‘F(R*g'h)‘Sinerec (53)

where L: the distance traveled inside the instrumented volume by a well contained
muon, h: the detector height, R: the detector radius and 0,...: the reconstructed
muon zenith angle. According to this formula the minimum muon path for
horizontal muons (6,¢.=90°) is the detector radius (L=504m), while for vertical
muons it is half the height of the string (L=306m) . This can be seen in
Figure 5.4 which shows the minimum muon path as a function of the sine of the
reconstructed muon zenith, sin 6.

We calculate the maximum distance of the PMT positions, L., considering
PMTs that have been used by the track reconstruction. Specifically, we find the
pair of PMTs for which the distance between their positions is maximum. This
calcualtion does not include the reconstructed track direction in order to avoid

bias due to poorly reconstructed events. Then, we accept events that fulfill the

requirement:

'The path length for a muon with energy of 10 TeV exceeds 10 km, as shown in Figure 2.9.
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Figure 5.4: The minimum muon path, L, as a function of the sine of the recon-

structed muon zenith, sin 6,....

Lyec > 0.3L (5.4)

The events that satisfy this condition are expected to be better candidates
for the estimation of energy. It has been observed, though, that the muon and
neutrino energy is underestimated if the majority of detected hits are not com-
patible with the Cherenkov hypothesis but are either due to photons coming
from the hadronic shower, corresponding to tracks that escape the detector vol-
ume or due to scattered photons from particles other than the muon. These

types of events can be excluded by setting a limit on the xnpor? value:

Z (te:vp*tmﬁas)2

2
— error 2‘ .
Nhpits — (nDoF — 1) < (5.5)

2
XnDoF

where Np;;s stands for the number of hits used by the track reconstruction, nDoF
stands for the number of Degrees of Freedom and nDoF — 1 =5, error ~ 2.5
1S, tmeqs 15 the time (in ns) measured in the PMT, .., is the expected arrival
time of the photon in the PMT using the direction of the muon from the track
fit and assuming this is a Cherenkov photon.

In order to enhance the contribution of Cherenkov photons, only photons
with an angle 8 < 60° between the photon from the reconstructed track and the

PMT direction are considered for the evaluation of Y, por>.
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If the
Lyee >L (5.6)

the condition (5.5) can be loosened to:

XnDoF> < 5.5 (5.7)

as the muon has already traveled enough distance inside the detector volume
and the energy can be determined.
According to the above requirements the muon and neutrino energy is deter-

mined if one of the following set of criteria is satisfied:

i. 03L < Lyee <L and  Yppor? < 2
or
ii. Lree > L  and  Ynpor? < 5.5

The events that satisfy the criteria mentioned above (that will be referred as
containment selection) have deposited the light inside the instrumented volume
and the muon energy can be reliably reconstructed. This can be seen in Figure
5.5. This figure shows the number of hits used by the track reconstruction as a
function of the muon energy for events satisfying (left plot) and not satisfying
(right plot) the containment selection. The number of hits for events satisfy-
ing the containment selection shows a strong dependence on the muon energy.
Consequently, the muon energy for these events can be reliably estimated. On
the other hand, the events that fail the containment selection have deposited
only a portion of the light inside the detector leading to a weak dependence of
the number of hits with the muon energy (Figure 5.5 right plot). Therefore,
the muon energy cannot be reliably determined. For these events only a lower
limit of the muon energy will be reported. In order to reconstruct the muon and
neutrino energy an artificial Neural Network with appropriate input variables is
employed. The operation of neural networks is described in section 5.3 and the

input variables that are used to estimate the energy are presented in section 5.4.

5.3 Artificial Neural Networks

Artificial Neural Networks (NNs) are gaining ground as a multipurpose, robust
computational methodology which is able to perform effectively in many analy-

ses.
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Figure 5.5: The number of hits used by the track reconstruction with respect to
log,o E,, for events satisfying the criteria (i), (ii) (left plot) and events failing to
satisfy these criteria (right plot).

The idea to use neural networks in data analysis is based on the function of
biological neural networks in the brain of animals and humans.

The human brain is a highly complex organ consisting of about 10!! neurons
with 10'® connections between them [107]. Compared to the human brain, the
artificial neural networks are based in a less complex architecture. NNs are com-
posed of individual elements, the neurons and the neural connections between
them. Each neuron receives an initial incentive and transmits the information
to the neighboring neuron, mimicking the neuronal connections in our brain.
The response of an artificial neural network is determined by the layout of the
neurons, the weights of the inter-neuron connections and the neuron response
function which describes the response of the neurons to the input variable (the

initial incentive).

5.3.1 Multi-Layer Percepton Neural Network

This analysis is based on the employment of a Multi-Layer Percepton (MLP)
Neural Network which is part of the TMVA package included in ROOT [108].
The neurons in such kind of neural network are organized in layers and direct
connections from a given layer are allowed only to the following layer resulting
in a less complex system. The first layer of a MLP is the input layer. Each
neuron holds an input variable. The last layer is the output layer that holds the
output variable, the neural network estimator. All intermediate layers are the
hidden layers of the NN. A weight is associated to each directional connection
between the output of one neuron and the input of another neuron(Figure 5.6).

During the calculation of the input value to the response function of a neuron,
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these weights are multiplied with the output values of all neurons connected to
this given neuron [108].

The NN used for the current analysis consists of three layers. The first layer
holds four input variables, the hidden layer consists of 10 nodes and the out-
put layer returns the network result. The choice of one hidden layer for this
analysis is based on the Universal Approximation Theorem. According to this
theorem, ”a feed-forward neural network with a single hidden layer consisting of
a finite number of neurons (such as a MLP Neural Network) can arbitrarily well
approximate continuous functions on compact subsets of R", using any contin-
uous sigmoidal (or hyperbolic tangent) nonlinearity as the activation function”
[109]. The neuron activation function used for this analysis is the hyperbolic
tangent while the weights were adjusted with the use of the Broyden-Fletcher-
Goldfarb-Shannon (BFGS) method [110]. After several tests, the hidden layer
was chosen to contain 10 nodes as this NN architecture leads to faster and better
convergence between the simulated and the reconstructed muon energy during

the different epochs of NN training.

Figure 5.6: Example of a Multilayer Percepton Neural Network with two hidden

layers.

5.4 Input Parameters of the Neural Network

For all events for which the direction of the muon track has been reliably recon-

structed (events that satisfy the selection criteria (i), (ii) and (iii) described in
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Figure 5.7: The layout of PMTs without hits that are considered for the muon
energy estimation, is illustrated. These PMTs are located in a cylinder with height

equal to the muon length and radius of 200m.

section 4.3), we make use of additional information which depends on the muon
energy. However, these events are discriminated to events that satisfy the con-
tainment selection (described in section 5.2) for which the muon energy can be
reliably reconstructed and events that fail to satisfy the containment selection
for which only a lower limit of the muon energy will be reported.

We take into account the PMTs that have recorded hits, as well as the
PMTs that have no hit but are possible candidates of having hits according to
the reconstructed track direction. We consider a cylinder (shown in Figure 5.7)
with a radius of 200 m ! and height equal to the muon length. The muon length
is defined as the distance between the first and the last photon emission point.
All photons are assumed to be Cherenkov photons. PMTs that have not been
hit are considered if the supplementary angle between the track and the PMT
direction is in the range (6 °,86 °] in order to consider photons of the Cherenkov
wavefront (as it can be seen in Figure 5.8).

The quantities which depend on the muon (and neutrino) energy and are

used as input variables to feed the Neural Network are:

i. The number of OMs used in the reconstruction divided by the mazimum
length possible (as explained in Figure 4.7). This variable helps to discriminate
between events with low energies that stop traveling inside the detector from
events with higher energies that have hit comparable number of OMs but escape

the instrumented volume.

!Taking into account the absorption length, most photons will have been absorbed after

this distance.
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Figure 5.8: The angular distribution between the muon track and the PMT di-

rection for simulated muons traveling through sea water.
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Figure 5.9: Each PMT is weighted according to its vertical distance (D;) from

the reconstructed track.

Number of OMs
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ii. The number of PMTs that have L1 pulses and were used in the recon-
struction weighted according to the vertical distance from the track as explained
in Figure 5.9.

ENumber of PMTs D;
Z:1 Dmaz

where D; is the vertical distance between the PMT and the reconstructed track
and D4, the corresponding maximum distance. Figure 5.10 shows the max-
imum vertical distance between the PMTs with hits and the simulated muon

track. As it can be seen, for the majority of events D,z is less than 500 m *.

! Given the absorption length, there is a negligible probability that photons have not been

absorbed after this disatnce.
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Figure 5.10: The maximum vertical distance, D,,q., between the PMT and the

simulated muon track.

iii. The ratio of the total number of PMTs that have L1 pulses and were
used in the reconstruction to the number of PMTs that could be hit according to
the track and the PMT direction (as shown in Figure 5.7) but have not recorded

any pulses.

Number of PMTs with hits
Number of PMTs with no hits

iv. The Total Time over Threshold (ToT) of all PMTs used in the recon-

struction.

Zi]\;ﬁmber of PMTs p

The distributions of quantities (i)-(iv) as function of log;y £, for events that
fulfill the containment selection are illustrated in Figure 5.11. All quantities
show a strong dependence on the muon energy which justifies their choice as
input variables for the neural network training. The distributions of the corre-
sponding quantities for the events that do not fulfill the requirements mentioned
above and therefore the muon energy is not expected to be reliably determined
are displayed in Figure 5.12. Only a weak dependence on the muon energy is

exhibited indicating that only a lower limit of the muon energy can be calculated.
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Figure 5.11: The correlation of the input variables for the neural network to the
muon energy for events that satisfy the containment selection is shown.

5.5 Training the Neural Network

The input variables described in section 5.4 are inserted to the Neural Network,
which is trained and tested in order to achieve the best network performance.
Half the event sample is used for NN training and testing while the other half is
used for the evaluation of NN and the energy reconstruction. From the first half
of the event sample, 70% of the events are used for the NN training and the rest
(30%) for testing the NN performance in order to check the NN convergence of
the mean square estimator during the different epochs and the deviation of the
reconstructed from the simulated muon energy.

The deviation of the estimated log;y £, from the MC log;, E, as a function
of MC logy £, during the NN training and test phase is shown in Figure 5.13

(a) and (b), respectively. The convergence of the mean square estimator for the
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Figure 5.12: The correlation of the input variables for the neural network to the
muon energy for events that fail the containment selection is shown.

the NN training and test phase during the different epochs of training is shown
in Figure 5.13(c). The epochs of NN training refer to the number of iterations
performed over the data set in order to train the NN. The average deviation of the
estimated log; £, from the MC log;, £, during the NN training (open squares)
and test (filled squares) phase is shown in Figure 5.13(d) (blue squares). The
average deviation for 90% of the events, for which the deviation of the estimated
logyg E,, from the MC log,q E,, is closer to the average deviation during the NN
training (open squares) and test (filled squares) phase, is calculated and is shown
in Figure 5.13(d) (black squares). For the muon energy estimation an average
deviation ~ 0.23 is achieved for both training and test samples for 90% of the
events (black squares). It can be concluded that the NN has a stable performance
for this energy estimator and it can be applied to a different event sample for

evaluation.
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Figure 5.13: The performance of the Neural Network for the muon energy is

shown.

5.6 Performance of the Energy Reconstruction

Once the weights of the inter-neuron connections of the NN have been produced,
a different sample of v, events is used for the evaluation of the Neural Network
and for the estimation of muon and neutrino energy. The input variables are
created for this new sample and they are inserted in the NN which returns the
reconstructed energy.

The relation between the estimated and the MC energy for events that satisfy
the containment selection (described in section 5.2) and for all reconstructed
tracks is presented in Figure 5.14. An overestimation of the muon energy for
E, < 6 TeV can be observed which decreases as the energy increases resulting
to a linear correlation for E, > 10 TeV. This overestimation is expected as

ionization dominates for muons at the GeV range and these low energy muons
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that travel long distances inside the detector produce comparable amount of hits
to that of muons at the TeV range that travel shorter distances. In addition,
muons with energies lower than 6 TeV that pass the selection criteria are more
likely to have been created inside or in the neighborhood of the detector leaving
photons from the hadronic part inside the instrumented volume, leading to an

overestimation of their energy. This effect is absent at higher energies where

stochastic losses take place.
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Figure 5.14: The reconstructed energy (10g10Ereco) With respect to the MC muon

energy (logioE,) for events that satisfy the containment selection (left plot) and
for all reconstructed events (right plot).

As a measure of the quality of this energy estimator, the median of l0g10(Ereco/ E})
is used, where E,¢, is the reconstructed energy and E,, is the MC muon energy.
This median with 68% and 90% quantiles is reported in Figure 5.15 with respect
to the logarithm of the MC muon energy for events that satisfy the containment
selection (left plot) and for all reconstructed tracks (right plot). An overestima-
tion can be observed for muons with energy E,, < 6 TeV while the median of
log10(Ereco/ E,) gets close to zero for events with higher muon energies (£, > 10
TeV) which is the energy regime we are mostly interested in for a diffuse flux
observation. The median reaches ~0.05 for muons with E,, > 10 TeV while
for muon energies I/, > 1 PeV the calculation suffers from limited statistics.
However, an underestimation of the muon energy can be observed for muons at
the PeV energy range (right plot in Figure 5.15). These highly energetic muons
have deposited light in the instrumented volume and their track direction can

be reliably reconstructed, but at these energies, muons are expected to travel
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several kilometers, therefore the tracks escape the detector, allowing only a lower

limit estimate of the muon energy.
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Figure 5.15: The median of log10(Ereco/E,) (with 68% and 90% quantiles) with
respect to the MC muon energy (logioE,) for events that satisfy the containment

selection (left plot) and for all reconstructed events (right plot).
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Figure 5.16 shows the distribution of log10(Ereco/ E,.) for events that satisfy
the containment selection. The left plot shows the distribution for muons with
E,, > 1 TeV while the right plot shows the distribution for muons with £, > 10
TeV. A Gaussian fit is applied to estimate the energy resolution. The energy
resolution is 0.27 for muons with £, > 1 TeV and reduces to 0.25 for muons with
E, > 10 TeV. The larger energy resolution for muons with energies above 1 TeV
is due to the overestimation of energy for 1 TeV< E,, < 10 TeV, that is apparent
in Figure 5.15. The energy resolution of this energy estimator is also determined

for all reconstructed events and the corresponding distributions are shown in
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Figure 5.17: The distribution of l0gio(Ereco/E,) for all reconstructed events

with E,, > 1 TeV (left plot) and events with E,, > 10 TeV (right plot). The y axis

corresponds to %‘% where © = l0g10(Ereco/Ey). A Gaussian fit is applied.

Figure 5.17. The distributions are more broad compared to the corresponding
distributions in Figure 5.16 as the energy is underestimated for events that fail
to satisfy the containment selection resulting to an energy resolution of 0.28 and

0.27 for muons with £, > 1 TeV and E,, > 10 TeV, respectively.

5.7 Efficiency of the Energy Reconstruction

The efficiency of this energy estimator is investigated for all muon tracks that
cross the detector (as described in section 5.2) and have survived from the se-
lection criteria (i), (ii) and (iii) that are described in section 4.3 and are used to
select events for which the track direction has been reliably reconstructed (well

reconstructed tracks). The efficiency is defined as the ratio:

.. _ Number of events that pass the containment selection
Effzczency — Number of events that pass the reconstruction selection

The efficiency as a function of log,y £, is shown in Figure 5.18 and repre-
sents the percentage of events for which the energy is reliably reconstructed.
An efficiency of ~ 89% can be established that reaches ~ 91% for muons with
E, > 30 TeV, while for muons with energy at the PeV region the calculation
suffers from limited statistics. However, a decrease of efficiency can be observed
since high energy muons (with energy at the PeV range) pass the reconstruction
selection even if they only have a short path in the instrumented volume (close
to the borders of the detector), but they deposit only a small fraction of the light

inside the instrumented volume and the energy cannot be reliably reconstructed.
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Figure 5.18: The efficiency of the energy reconstruction for events selected from
the direction reconstruction is shown as a function of log,y F,,.

5.8 Estimating the Energy for Reconstructed Events
with the recoLNS Track Reconstruction Algo-

rithm

The simulated events pass through a track reconstruction before an attempt to
estimate their energy is made. In order to establish that the energy reconstruc-
tion can also be applied to other reconstruction methods and that it does not
depend on the specific algorithm used for the track fit, we estimated the energy
for an event sample for which the track direction had been reconstructed with
a different reconstruction package. The reconstruction algorithm, recoL NS, em-
ploys a probability density function and the hit selection is different compared
to the hit selection performed in the Chameleon reconstruction package (as de-
scribed in section 4.5). This difference in the hit selection results in different
distributions of the NN input variables and the Neural Network has to be re-
trained. The events that are inserted to the NN are well reconstructed tracks
with recoLNS algorithm (A > —5.8 where A is the maximum log-likelihood value
per degree of freedom found by the fit) satisfying the containment selection. The
containment selection has been modified for this reconstruction algorithm as a
larger amount of hits coming from %°K survive the hit selection resulting to
larger values of Xnpor?. The muon and the neutrino energy are determined for
well contained tracks (as described in section 5.2) satisfying the selection criteria

(i), (ii) and (iii) (described in section 4.3). The selection criteria (i), (ii) and (iii)

96



5.8 Estimating the Energy for Reconstructed Events with the recoLNS
Track Reconstruction Algorithm

-
T

| |Entries
[ |Meanx
E |Meany
F |Rmsx
E |rMsy

Enirles 27060
Meanx 4621
Meany 1772
AMS X 0.9533
RMSy 0.3367

o
=]
T
o
tn
T

B
o
T
w
T

o
T T

Number of OMs per unit length (m)
8 88888
T T

log {Number of PMTs with Pulses)
- 0 n
o a W o
T T T

u:\.\.zl\.usl\.\\A\..\lu.\lu.\l.u\

6 7 8 6 7 8
Inng‘, [GeV] IongN [GeV]

(a) The Noums per unit length (multi-  (b) The logg Npars with puises With re-
plied by 360 to prevent from having many spect to E,,.

decimals) with respect to E,,.

o

& E 1 ] e 250
83 500 = 5.5f [Ewes  270e0
8 = F [Meanx 4621

S oal = F [Meany 3.198
< [Fos 'S 5 |mMsx ossa 200
TE [ 400 £, | [RMsy 03468 .
n e F
= o = F
Sk g asf
z I 200 E 150
sE |
5 [ E
F- - . -
E 804 200 35F 100
S I F
€3 E

2|2, 3fF
o 3 n -
] g—u_z, 100 o - 50

= 1 2.5F .

oL o T P N R | o
2 3 4 Z 2 3 L] 5

L 4 o T
Inng‘, [GeV] IongN [GeV]

(c) The ratio llogm Npmrs with putses with  (d) The log,ToT (Total Time over

0810 NPMTs with no hits

respect to E,. Threshold) with respect to E,.

Figure 5.19: The correlation of the input variables for the neural network to the

muon energy for events that satisfy the containment selection is shown.

are required in order to discriminate events that have deposited light from the
hadronic shower and escape the detector from events that deposit light across
the muon path and travel longer distances inside the instrumented volume. The
containment selection has been modified to allow for a looser cut on x,por>. The
energy is reliably reconstructed for events that satisfy the containment selection,
otherwise a lower limit for the energy is reported.

Figures 5.19 show the distributions of quantities (i)-(iv) (that are described
in section 5.4) as function of £, for events satisfying the containment selection.
These quantities show a strong dependence on the muon energy and can be
used as input variables for the neural network training. The distributions of the
corresponding quantities for events failing to satisfy the requirements, mentioned
in section 5.2, and therefore the muon energy cannot be reliably determined, are

shown in Figure 5.20. In this figure, an excess of hits for muons with E, > 10
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Figure 5.20: The correlation of the input variables for the neural network to the

muon energy for events that fail the containment selection is shown.

PeV can be observed. These hits come mostly from 4°K decays in distant PMTs
and survive the hit selection leading to large values of logq Nparrs with pulses
as it is shown in Figure 5.20 (b). These quantities are inserted to the Neural
Network which, as for the Chameleon reconstruction, is trained and tested with
half the event sample. The other half is used for the energy reconstruction.
Figures 5.21 (a)-(d) show the results of the training and test phase of the NN.
The deviation of the estimated log,q E,, from the MC log,y E,, as a function of
MC log;q E,, during the NN training and test phase is shown in Figure 5.21 (a)
and (b). Figure 5.21(c) shows the convergence of the mean square estimator for
the the NN training and test phase during the different epochs of NN training.
The average deviation of the estimated log;y, £, from the MC log,, F, during
the NN training (open squares) and test (filled squares) phase is shown in Figure

5.21(d) (blue squares). The average deviation for 90% of the events for which
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Figure 5.21: The performance of the Neural Network for the muon energy is

shown.

the deviation of the estimated log,q £, from the MC log,, E,, is closer to the the
average deviation during the NN training (open squares) and test (filled squares)
phase is calculated and is shown in Figure 5.21(d) (black squares). For the muon
energy estimation an average deviation ~ 0.22 is achieved for both training and
test samples. The energy can be evaluated for a different event sample since the

NN has a stable performance for this energy estimator.

5.8.1 Performance of the Energy Reconstruction

The results of the muon and neutrino energy reconstruction for events that have
been reconstructed with the recoLNS direction reconstruction are reported in
this section. The relation between the estimated and the MC energy for events

that satisfy the containment selection (described above) and for all reconstructed
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tracks is presented in Figure 5.22. A linear correlation can be observed for events
with £, > 6 TeV.
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Figure 5.22: The reconstructed energy (logi10Freco) With respect to MC muon
energy (logioE,) for events that satisfy the containment selection (left plot) and
for all reconstructed events (right plot).

Figure 5.23 shows the median of l0g19(Ereco/ Ey) with 68% and 90% quantiles,
where Ej.cco is the reconstructed energy and E, is the MC muon energy, with
respect to the logarithm of the MC muon energy for events that satisfy the
containment selection (left plot) and for all reconstructed tracks (right plot).
An overestimation of the muon energy for £, < 6 TeV due to the detection of
photons from the hadronic shower can be observed which decreases as the energy
increases resulting to a median of 0.02 for £/, > 10 TeV. Although the calculation
suffers from limited statistics, an underestimation of the muon energy can be
observed for muons at the PeV energy range (right plot in Figure 5.23) since
muons have deposited light in the instrumented volume and the track direction
of these highly energetic muons can be reliably reconstructed but the tracks
escape the detector thus allowing only a lower limit estimate of the muon energy.
To facilitate comparisons, Figure 5.24 shows the median of l0g10(Ereco/E,) with
68% and 90% quantiles, with respect to the MC muon energy for events that
satisfy the containment selection (left plot) and for all reconstructed tracks (right
plot) for muons with high energies (£, > 10 TeV) which is the energy range we
are mostly interested in for a diffuse flux analysis.

Figure 5.25 shows the distribution of l0gio(Ereco/Ey) for events that sat-
isfy the containment selection. The left plot shows the distribution for muons

with £, > 1 TeV while the right plot shows the distribution for muons with
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selection (left plot) and for all reconstructed events (right plot).

E, > 10 TeV. A Gaussian fit is applied to estimate the energy resolution. The
energy resolution is 0.27 for both energy intervals, while an offset of the mean
of the distribution of 0.02 for muons with energies above 1 TeV is due to the
overestimation of muon energy for 1 TeV< E, < 10 TeV, that is apparent in
Figure 5.23. The energy resolution of this energy estimator is determined for
all reconstructed events and the corresponding distributions are shown in Fig-
ure 5.26. The distributions are slightly broader and have larger tails in the left
part compared to the corresponding distributions in Figure 5.25 as the energy is
underestimated for events that fail to satisfy the containment selection resulting
to an energy resolution of 0.28 both for muons with £, > 1 TeV and E, > 10
TeV.
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tainment selection with £, > 1 TeV (left plot) and events with E,, > 10 TeV (right
plot). The y axis corresponds to L AN where ¢ = log10(Ereco/Ey). A Gaussian fit

N dx
is applied.
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Figure 5.26: The distribution of logi10(Ereco/E,) for all reconstructed events

with E, > 1 TeV (left plot) and events with E, > 10 TeV (right plot). The y axis

corresponds to %% where & = log10(Ereco/Ey). A Gaussian fit is applied.

5.8.2 Contribution of Background in the Energy Estimation

The contribution of hits coming from background sources, and specifically decays
of radioactive 4°K, in the energy reconstruction is studied in this section. The
ratio of hits coming from the muon passage through sea water to hits coming
from K decays with respect to the MC muon energy for events reconstructed
with recoLNS that satisfy the containment selection is shown in Figure 5.27. In
order to study the effect of the contribution of noise hits to the muon energy
reconstruction for events for which the energy can be reliably reconstructed,

the median of log10(Ereco/E,) with 68% and 90% quantiles, with respect to the
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MC muon energy for events that satisfy the containment selection is shown in
Figure 5.28. It can observed (Figure 5.27) that if the ratio of the number of
the reconstructed hits coming from the muon passage through sea water to the
number of reconstructed noise hits is less than 2.5, the energy is overestimated
(Figure 5.28). The effect of the contribution of noise hits to the hits selected
by the track fit is more significant for events that have hit fewer PMTs. This
leads to an overestimation of the energy which is apparent in the energy bins
that contain a small amount of hits. Specifically for E, ~ 45 PeV, where there
are events for which the fraction of noise hits is ~ 33% of the total reconstructed
hits (corresponding to a ratio of ~ 2 in y axis of Figure 5.27) we have an overes-
timation of the muon energy of about 30% which can also be observed in Figure
5.28. In the lower energy regime, for muons with £, < 10 TeV, this effect is
less evident as the detection of photons from the hadronic shower is the main
effect that results to the overestimation of the muon energy so the contribution

of noise hits to this overestimation can only be observed in event by event base.
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Figure 5.27: The ratio of reconstructed hits coming from the muon passage
through sea water to reconstructed hits coming from “°K decays with respect to
the MC muon energy for events that satisfy the containment selection. The right

plot is a zoom of this ratio.
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Figure 5.28: The median of log1(Ereco/E,) (with 68% and 90% quantiles) with
respect to MC muon energy (logioE,) for events that satisfy the containment

selection.

5.8.3 Efficiency of the Energy Reconstruction

The efficiency of this energy estimator for the recoLNS reconstruction is inves-
tigated for all muons that cross the detector (as described in section 5.2) and

have survived the A > —5.8 criterion. The efficiency is defined as the ratio:

Ef ficiency = fumierof coents with Ao 5.8 that eross the deicctar

Figure 5.29 shows the efficiency as a function of E,, representing the per-
centage of events for which the energy is reliably reconstructed. A very high
efficiency of ~ 99.5% can be established for the tracks that cross the detector
volume while the efficiency decreases for muons with energy at the PeV region.
These muons are expected to travel distances much larger than the instrumented
volume, but have a short path in the detector (close to the detector borders) so
only a fraction of the light can be detected and do not satisfy the containment
selection. In these high energies the calculation suffers from limited statistics.

The efficiency of the energy reconstruction is also investigated for all recon-
structed muons with A > —5.8 and it is reported in Figure 5.30. The efficiency
is then defined as the ratio:

. . _ Number of events that pass the containment selection
Effzczency - Number of events with A>—5.8
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Figure 5.29: The efficiency of the energy reconstruction for events selected from
the track direction reconstruction that cross the detector as a function of E,,.
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Figure 5.30: The efficiency of the energy reconstruction for all events selected

from the track direction reconstruction as a function of E,,.

An efficiency of approximately 90% is achieved for the whole energy range
while for muons with energies £, > 10 PeV the efficiency decreases since muons
of that high energy are reconstructed reliably even if they have a short path in
the detector but they deposit a small fraction of the light inside the instrumented

volume and their energy cannot be reliably reconstructed.
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5.8.4 Systematic Uncertainties

The simulations of the optical properties in sea water take into account the
standard optical properties as measured by G. Riccobene et al at Capo Passero
[81]. However, both the scattering and the absorption length have uncertainties
of the order of +10%. The uncertainty on the scattering length is expected to
be due to contribution of particulates in sea water as the scattering in pure sea
water is well established. This uncertainty is modeled by varying the particulate
contribution from 0.0075 ppm to 0.0085 ppm (leading to more scattering and
lower scattering length) and 0.00665 (less scattering, higher scattering length)
in the 'particulate’ model as described in [111]. This variation results to the
observed £10% uncertainty in the total scattering probability over the 400-500
nm range, for which the water transparency and the efficiency of the PMTs
are maximal and thus this is the range of the wavelength that most Cherenkov
photons will be detected. The absorption length was also varied by a uniform
+10% over the full wavelength range.

The ANTARES experiment has reported a reduction of the PMT effective
area up to 11% when the simulations with GEANT4 were used to predict the two-
fold ° K coincidence rate taken into account that the PMT efficiency (probability
of a liberated photoelectron to produce a PMT signal) is 90% !. In addition, the
measurements in different PMTs (large PMTs used in ANTARES) have resulted
to variations of 10%. The uncertainty in the PMT effective area of 10% is an
overestimation when referring to the small PMTs (3 inches diameter) that are
used in KM3NeT for which the PMT efficiency is expected to be 90%. However,
an uncertainty of 10% has been modeled in order to observe a noticeable effect
in the simulations.

The systematic uncertainties of 10% on scattering length, absorption length
and on the effective area of the PMTs have been considered and the effects of
these uncertainties to the energy reconstruction are reported in Table 5.1. The
distributions of logio(Ereco/Ey) for muons with £, > 10 TeV that satisfy the
containment selection have been produced and a Gaussian fit has been applied in
order to calculate the energy resolution. The mean value of these distributions
as it is deduced by the Gaussian fit is reported as well. The first row of this table

corresponds to the values that have been calculated by the standard simulation

tan efficiency of ~ 80% seems to better match the data
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v,CC 10TeV<E, <100PeV KM3NeT/ARCA Preliminary
Energy Resolution

Gaussian fit: Gaussian fit: o
Mean (%) (%)

Simulation Values: -1.0% 27%
Absorption Length: -10% -9.5% 26%
Absorption Length: +10% 5.3% 27%
Scattering Length: -10% -2.4% 27%
Scattering Length: +10% -0.8% 27%
PMT Effective Area: -10% -6.0% 27%
PTM Effective Area: +10% 2.0% 27%

Table 5.1: The systematic errors for events that satisfy the containment selection.

as it is shown in Figure 5.25 (right plot). For this standard simulation, the
energy resolution for muons with E,, > 10 TeV is ~ 27% while the muon energy
is underestimated by ~ 1%. The systematic uncertainties slightly affect the
energy resolution that remains almost constant as it can be observed in Table
5.1. On the other hand an overestimation (~ 5.3%) of the muon energy can
be reported if the absorption length is increased by 10% while a corresponding
decrease of the absorption length results to an energy underestimation of ~ 9.5%.
The corresponding energy underestimation for a 10% increase of the scattering
length is ~ 0.8% while the muon energy underestimation increases to ~ 2.4% if
the scattering length is decreased by 10%. Finally, a 10% decrease (increase) in
the PMT effective area results to an under(over)estimation of ~ 6% (~ 2%) of

the muon energy.

5.8.5 Neutrino Energy Reconstruction

The neutrino energy cannot be reliably reconstructed for events that either do
not cross the detector, or cross the detector but the neutrino interaction ver-
tex lies outside the instrumented volume. In such cases most photons from the
hadronic activity are not detected, thus only a lower limit on the neutrino energy
can be estimated. This limit corresponds to the reconstructed muon energy. In

order to ensure that the muon and neutrino energy are reliably reconstructed
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for events with the neutrino vertex close or inside the instrumented volume, we
consider events with the reconstructed vertex inside a fiducial volume with ra-
dius R = 420 m and height h = 540 m (compared with Rgetector = 504 m and
hdetector = 612 m). The events under consideration have been reconstructed with
recoLNS, satisfy the A > —5.8 and the containment criterion (as described in
section 5.8). The reconstructed vertex has been determined by recoLNS [103].
Table 5.2 shows the ratio of events that have interacted inside and outside the
detector volume (using the MC vertex) to the number of events with the re-
constructed vertex inside a fiducial volume (Np, pigucial). 1t can be observed
that 65.5% of Np, Fidqueias have interacted outside the detector resulting to an
underestimation of the neutrino energy as photons from the hadronic part have
a lower probability (depending on the vertex position) to be detected. In order
to select events that have interacted inside the instrumented volume and partic-
ularly N7, piducial We apply the selection criteria for atmospheric muon rejection
that have been established in [112], [113]. This selection keeps most Ny, piducial
and rejects events with high activity on border strings. Moreover, events with
activity upstream of the reconstructed vertex that is compatible with the track
hypothesis are examined and rejected if they have given pulses in PMTs at the
edge of the detector. The majority (99,5%) of N1, Fiducial that also satisfy these
criteria have interacted inside the detector as it is shown in Table 5.3 and are
good candidates for the neutrino energy reconstruction as most photons from

the hadronic part will most probably be detected.

Events that have interacted inside the detector volume 34.5%
Events that have been reconstructed to interact inside the fiducial volume 970

Fvents that have interacted outside the detector volume 65 5(7
Fuvents that have been reconstructed to interact inside the fiducial volume 970

Table 5.2: The ratio of events that have interacted in(out)side the detector volume
to the number of events that have been reconstructed to have the vertex inside a

fiducial volume.

The results on the muon and neutrino energy reconstruction for events with
the reconstructed vertex inside a fiducial volume, Ny, piducial, that also satisfy
the criteria for atmospheric muon rejection are presented in Figure 5.31. The

overestimation of the muon energy (left plot) is due to the fact that photons
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Events that satisfy the selection criteria for atmospheric muon rejection:

FEvents that have interacted inside the detector volume 99.5%
FEvents that have been reconstructed to interact inside the fiducial volume 970

FEvents that have interacted outside the detector volume 0.5%
Events that have been reconstructed to interact inside the fiducial volume 970

Table 5.3: The ratio of events that have interacted in(out)side the detector volume
to the number of events that have been reconstructed to have the vertex inside a

fiducial volume for tracks that satisfy the selection for atmospheric muon rejection.

from the hadronic shower are detected and a fraction of them is attributed to
the muon track. A very good linear relation between the reconstructed energy
and the neutrino energy can be observed in Figure 5.31 (right plot) leading to a
reliable reconstruction of the neutrino energy for tracks that interact well inside
the instrumented volume. For events crossing the detector which satisfy the
muon containment selection a good linear relation between the reconstructed

energy and the muon energy has been achieved as it can be seen in Figure 5.32.
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Figure 5.31: Left (Right) plot: The reconstructed energy (log10FEreco) With respect
to MC muon energy (logioE,) (MC neutrino energy, logioE,) for events (with
E,, > 10 TeV) that satisfy the containment selection and the interaction vertex is
inside a fiducial volume. The mean with RMS error is shown.
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Figure 5.32: The reconstructed energy (log10FEreco) With respect to MC muon
energy (logioE,) for events (with E, > 10 TeV) that satisfy the containment
selection. The mean with RMS error is shown.

5.9 Estimating the Energy for an Alternative Detec-

tor Configuration

The performance of this energy estimator has been tested for an alternative
detector configuration as the final settings for the distance between strings is
still under consideration by the KM3NeT Collaboration. The distance between
strings in this detector is 120 m compared to the 90 m string distance that was
defined for the standard detector layout. The larger distance between strings
leads to an 80% increase of the instrumented volume, while the detection ability
for high energy neutrinos, which are of interest in these large neutrino telescopes
is maintained (Figure 4.13). The track direction for these events is reconstructed
once with the Chameleon and once using the recoL NS reconstruction algorithms
separately. Then, the events pass through the containment selection as described
in section 5.2 and 5.8 correspondingly, in order to distinguish events for which the
energy can be reliably reconstructed from events that pass outside the detection
volume and for which a lower limit on the energy is reported. The Ynpor>
conditions can be loosened for the Chameleon reconstruction, as the efficiency of
this algorithm (which is based on a x? minimization) increases for high energy
muons crossing the detector since this larger instrumented volume allows for
longer track segments. The hit selection criteria for the energy reconstruction
can, thus, be loosened as the events that fulfill the containment selection deposit

the light in a larger detector volume and are most probably good candidates

110



5.9 Estimating the Energy for an Alternative Detector Configuration

for a reliable energy reconstruction. The recoLNS algorithm does not explicitly
depend on the increase of the detector volume and for this bigger volume has
a larger contribution of hits coming from °K decays. Therefore, the selection
criteria applied to the 90 m configuration for the distinction of events for which
the energy can be reliably reconstructed from events passing outside the detector
are maintained. The Neural Network is retrained separately for reconstructed
events with the Chameleon and recoLNS. The results of the energy reconstruction
for this detector configuration are shown below.

Figure 5.33 shows the median of logig(Ereco/E,) as a function of logioE,
with 68% and 90% quantiles, where E,.., is the reconstructed energy and E, is
the MC muon energy for events that were reconstructed with Chameleon and
satisfy the containment selection (left plot) and for all reconstructed tracks (right
plot). An underestimation of the energy for muons at the PeV energy range is
observed in Figure 5.33 (right plot) leading to an energy resolution of 0.27 for
all reconstructed tracks (Figure 5.34 right plot) with £, > 10 TeV and 0.26 for
tracks that in addition satisfy the containment selection (Figure 5.34 left plot).
This energy resolution is comparable with the corresponding energy resolution
for the standard detector configuration when the hit selection and the track

reconstruction of the Chameleon algorithm are used.
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Figure 5.33: The median of l0g10(Ereco/E,) (with 68% and 90% quantiles) with
respect to MC muon energy (logioE,,) for events that satisfy the containment se-
lection (left plot) and for all reconstructed events (right plot).
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Figure 5.34:

events (right plot). The y axis corresponds to

Gaussian fit is

The distribution of l0g10(Ereco/E,) for muons with £, > 10 TeV
for events that satisfy the containment selection (left plot) and for all reconstructed

applied.

1 dN

N dx

where © = l0g10(Ereco/Ep). A

The results on muon energy for tracks that have been reconstructed with

recoLNS are shown in Figures 5.35 and 5.36. The energy resolution is 0.26
for all reconstructed tracks with E, > 10 TeV and 0.25 for tracks that also

satisfy the containment selection leading to a slight improvement compared to

the energy resolution for the standard detector layout. An overestimation of the

muon energy, which is noticeable in the 68% and 90% quantiles in Figure 5.35,

for muons in the PeV energy range, is due to the high contribution of hits from

40K decays that survive the hit selection.
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Figure 5.35: The median of l0g10(Ereco/E,) (with 68% and 90% quantiles) with
respect to MC muon energy (logioE,,) for events that satisfy the containment se-

lection (left plot) and for all reconstructed events (right plot).
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Figure 5.36: The distribution of logio(Ereco/Ey) for muons with E,, > 10 TeV
for events that satisfy the containment selection (left plot) and for all reconstructed
events (right plot). The y axis corresponds to %% where z = l0g10(Ereco/Ey). A
Gaussian fit is applied.
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Sensitivity and Discovery
Potential

The aim of the KM3NeT project is to search for high energy neutrinos of astro-
physical origin. The potential for a discovery of extraterrestrial neutrinos and
the detector sensitivity to a neutrino signal are investigated via Monte Carlo si-
mulations and the corresponding calculations for the KM3NeT-ARCA detector
are presented in this chapter.

The ”binned” and the "unbinned” approach are the main statistical methods
used to search for a neutrino signal among background events and 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. The "binned” approach separates 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 generally
be different than the selection that optimizes the discovery potential thus leading
to a necessary sacrifice of one for the other. In order to overcome these problems

the ”unbinned” approach for the calculation of the sensitivity and discovery

!The energy distribution is used for this study. In general, the distribution of any quality

can be used to differentiate between signal and background events.
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potential can be used. 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 hypothesis to each event. Although this approach is more
precise, it requires a significantly higher computing time. The ”binned” method
is used for this study in order to provide a first estimation of the impact of
the energy resolution to the sensitivity and discovery potential of the KM3NeT-
ARCA detector.

6.1 Sensitivity

The sensitivity of the detector to a neutrino signal refers to the theoretical neu-
trino 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 [114]. This method
that was historically developed for experiments searching for neutrino oscilla-
tions, avoids non-physical confidence intervals in contrast to classical construc-
tion for upper limits. An implementation of this method for neutrino detectors
is described in detail in [115].

The sensitivity of an experiment is determined by Monte-Carlo simulations
and is independent from the experimental data of a neutrino telescope. For a
given theoretical signal flux ®; which results to a mean number of signal events
(ng), the sensitivity flux at 90% confidence level ®gq is calculated by:

Doy = P, X LJ(ZSSM (6.1)

where Tigy((np)) is the average upper limit expected from an ensemble of
experiments with no real signal. Tigy({np)) is used instead of the event upper
limit pgo((np)) in order to avoid the dependence on the experimentally observed
number of events ns. In this way the sensitivity calculation avoids bias due to
the number of observed events. The average upper limit is calculated as the sum
of the expected upper limits weighted by the Poisson probability of occurrence
P(nops, (np)). This is the probability to observe ngs events given an expected

number of background events (np). Tigy({np)) is then derived by the formula:
oo

Tigo((ns)) = Y 1100(Tobs: (1)) P (nibs, (n3))

Nobs=0
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and is related to (np) through a parabolic relation as shown in Figure 6.1.

In this study, the sensitivity flux, ®gg, is computed at 90% confidence level
(CL) but it is possible to calculate it at other levels of confidence by computing
the average maximum limits at these confidence levels. The ratio Tigy((np))/(ns)
is called the Model Rejection Factor (MRF) and the optimal selection of cuts cor-
responds to the one that minimises the MRF and so sets the strongest constraint

on the theoretically expected signal flux.
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Figure 6.1: The average upper limit fig, as a function of the mean number of

background events.

6.2 Discovery Potential

The discovery potential refers to the minimum number of events needed to be
observed with a very small p-value ! resulting in a very small probability that
these events originate purely from background fluctuations. Given that the back-
ground follows a Gaussian distribution, we consider a discovery if the minimum
number of observed events, ns, corresponds to a p-value:

22
P(> nops| (mp)) < a, where a =[5~ \/%76_76137 =5.73-107"

!The level of marginal significance within a statistical hypothesis test, representing the
probability of the occurrence of a given event. 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.
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is the area in the two-sided Gaussian tails beyond 50 and (n;) is the expected
number of background events. When a signal flux ®, is also taken into account,
the probability to observe ng,s events and claim a discovery considering both
the signal and background distributions is: P(> ngps| (ns) + (np)) < a , where
(ns) is the mean number of signal events [116]. This probability represents the
statistical power 1 — § of the discovery potential calculation, while § 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.

X%

L
XACL that leads to p-value less

Then, the minimum number of detected events n

than a (zo) in a fraction of 1 — 8 of the experiments, leading to 1 — [ confidence

X%CL

plokd depends only on the expected number of

level, can be determined. The n
background events (n) as it is shown in Figure 6.2. The minimum number of
detected events with a significance of 5o at a confidence level of 50% (ngg%CL)

will be calculated in this study.
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Figure 6.2: The number of events requested for a discovery with significance of

3o and 50 in several confidence levels (CL) with respect to the mean number of

background events.

Given a theoretical signal flux ®¢ which results to a mean number of signal
events (ng), the discovery potential flux with a significance of 5o at a confidence

level of 50% is calculated by:

()

Ps, = B, x oo ) (6.2)
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where the ratio n20%°CF((ny))/ (ns) is called the Model Discovery Potential
(MDP). As for the MRF, the selection of cuts that minimise the MDP, minimises
the theoretical signal flux ®4 that is required to obtain an observation without

any original assumption of the signal scale.

6.3 Calculations of the Sensitivity and the Discovery
Potential for the KM3NeT detector

In this section the sensitivity and discovery potential for 1 year of operation of the
KM3NeT-ARCA detector are calculated. The astrophysical neutrino flux ®(E,)
observed by IceCube was taken into account and was modeled as an isotropic,
muon neutrino (and anti-neutrino) flux following a power law spectrum with a
cutoff at few PeV. The existence of a cutoff is not fully investigated but rather
implied by the absence of observed events with energies in the 2-10 PeV energy
range during the analysis of the first events that were detected by IceCube [73].
Recently, a high energy muon event has been observed crossing the IceCube in-
strumented volume depositing energy of about 2.6 PeV which is expected from
a muon with energy between 4 and 5 PeV indicating that the cutoff at the high
energy regime may not be real [75]. The calculations for the sensitivity and the
discovery potential of the KM3NeT-ARCA detector were repeated for a spec-
trum without cutoff in the PeV energy range. Only atmospheric v, and 7, were
assumed as the detector background since they correspond to the irreducible
background that mainly affects the calculations for the sensitivity and discovery
potential, while the atmospheric muons were not considered for these studies as
their contribution in the final event sample can be neglected in a first approxi-
mation. The flux of atmospheric neutrinos corresponds to the so-called Honda
flux [117] with a prompt component as calculated by Enberg [118]. 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.

The single-flavor energy spectrum for the IceCube astrophysical neutrino flux
with cutoff at 3 PeV [73] has been parametrized as:

®(E,)=12-10"%. 1EG’7;/ ce B3PV [GeVlsrls em 2]

where F, is the neutrino energy in GeV. Although this study does not take

into account the background events coming from atmospheric muons in the cal-
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6. SENSITIVITY AND DISCOVERY POTENTIAL

culation of the sensitivity and the discovery potential, the conditions that reject
atmospheric muons have been considered in order to get a realistic estimate of
these quantities. In order 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 27
and separately for upgoing and horizontal tracks with reconstructed angle, 0,.cco,
less than 100° (corresponding to reconstructed zenith angle greater than 80°) in
order to suppress the contribution of atmospheric muons . Nevertheless, atmo-
spheric muons that have been misreconstructed may survive this selection. The
events that have been reconstructed with the Chameleon and the recoLNS re-
construction algorithms and survive the final selection of each reconstruction are
considered for the calculations in this section in order to consider events for which
the track direction has been reliably reconstructed. In this way, we avoid tak-
ing into account poorly reconstructed events and specifically atmospheric muons
that are reconstructed as upgoing (with reconstructed zenith angle greater than
80°). The criteria that select well reconstructed tracks for the Chameleon re-
construction have been described in section 4.3 while the criteria applied for
the recoLNS reconstruction refer to the estimator of the fit quality, A and the
uncertainty of the track direction, 5. As it is discussed in [83] a cut of A > —5.8
rejects most atmospheric muons and keeps most well reconstructed tracks. In
order to reduce the uncertainty of the track direction a cut in g is applied while
the final cut values obtained by minimising the MDP for the recoLNS recon-
struction refer to A >= —5.7 and 8 < 1.2. These cuts are applied for the event
selection of tracks reconstructed with recoL NS in this section. For reconstructed
tracks with the Chameleon reconstruction only events for which the energy is re-
liably reconstructed (as described in section 5.2) were taken into account as this
additional selection rejects the majority of the atmospheric muons with bundle
energy more than 50 TeV that constitute the main atmospheric muon contribu-
tion at the energy range above 60 TeV which is the energy range of interest for
these studies.

Prior to the estimation of the sensitivity and the discovery potential, the

values of the reconstructed muon energy that minimise the MRF and MDP and

!Upgoing neutrinos with energy at about one PeV are not expected and so downgoing

tracks are taken into account in order to study high energy neutrinos (above few PeV).
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KM3NeT detector

For a neutrino flux ®(E,) = 1.2-1078. % e B3PV Gev—lsr—lsTlem ™2

Oreco MRF MDP Usig Vatm,

[0°,180°] | 0.563at E,, = 10>GeV | 1.653at E, = 10°GeV | 16.26 | 20.82

[0°,100°) | 1.036atE, = 10>1°GeV | 3.135atE, = 10>15GeV | 7.61 | 14.81

Table 6.1: The reconstructed E, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation
are reported for events that have been reconstructed with the Chameleon recon-
struction. The number of signal vy, and background events v4:,, at these points
are calculated.

For a neutrino flux ®(E,) = 1.2-1078 - % e B3PV Gevlsr—lsTlem ™2

Oreco Pgg [GeVtsrlsTlem™2] | @5, [GeV lsr~ls~lem ™2
[0°,180°] 0.68-107% 1.98-1078
[0°,100°) 1.24-1078 3.76 - 1078

Table 6.2: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed

with the Chameleon reconstruction.

the points of minimisation are calculated. The results for events that have been
reconstructed with the Chameleon and the recoLNS algorithm are reported in
Tables 6.1 and 6.3 respectively. As it can observed in Table 6.3 both the MRF
and the MDP are usually minimised at higher values when events that reach the
detector from all the zenith angles are considered as in this case more events are
taken into account. Then the sensitivity flux at 90% CL, ®gg and the discovery
potential flux with a significance 50 at 50% CL, ®5,, are estimated according
to relations (6.1) and (6.2) for both reconstruction algorithms and results are
reported in Tables 6.2 and 6.4 respectively. As it is shown in Table 6.2 no
constraint can be set to the expected flux during the first year of operation
of the KM3NeT-ARCA detector for events reconstructed with the Chameleon
algorithm when only upgoing and horizontal tracks are considered while a light

constraint can be achieved for events that are reconstructed with recoLNS (Table
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6. SENSITIVITY AND DISCOVERY POTENTIAL

For a neutrino flux ®(E,) = 1.2-1078. o [GeV~tsr=ls7lem™2]:

1GeV
Oreco MRF MDP Vsig | Vatm
[0°,180°] | 0.509at E, = 10>1°GeV | (1.537atE, = 10515GeV) | 18.72 | 22.90
(0.525at E, = 10>%GeV) | 1.534atE, = 10>?*GeV | 15.51 | 15.86
[0°,100°) | 0.952atE, = 101%GeV 2.838at E, = 10*%GeV | 13.69 | 46.84

Table 6.3: The reconstructed £, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation

are reported for events that have been reconstructed with the recoLNS reconstruc-

tion. The number of signal v,;, and background events v, at these points are

calculated.

For a neutrino flux ®(E,) = 1.2-1078. % e B3PV Qe —lsr—lsTlem ™2

Oreco oo [GeVtsr7lsTlem™2] | @5, [GeV lsr~ls~lem ™2
[0°,180°] 0.61-1078 1.84-1078
[0°,100°) 1.14-1078 3.41-1078

Table 6.4: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed
with the recoLNS reconstruction.

6.4) but a discovery cannot be claimed in either case. If the event sample is not
restricted in upgoing tracks a strong constraint can be set on the expected flux
corresponding to a sensitivity flux of about 0.68 - 1078 [GeV ~tsr=ts~tem 2] for
events reconstructed with Chameleon and 0.61 - 1078 [GeV ~lsr—ts~lem=2] for
events reconstructed with recoLNS algorithm. This however implies that a very
efficient atmospheric muon rejection can be achieved.

The corresponding calculations were repeated for the astrophysical neutrino
flux ®(E,) observed by IceCube without cutoff which was then parametrized as:

O(E,)=12-10"8. L

i [GeVlerlsTlem™?

As it can be observed in Tables 6.5 and 6.7 the MRF and MDP are minimised
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KM3NeT detector

in higher values of the reconstructed energy, as expected due to the contribution
of muons with energy at the PeV energy range. A very strong constraint can
be set in the expected neutrino flux even in the case that only upgoing and
horizontal tracks are considered while a discovery can be claimed during the
first year of operation of the KM3NeT-ARCA detector if tracks that reach the
detector from below and above the horizon are taken into account (as it is shown

in Tables 6.6, 6.8).

For a neutrino flux ®(E,) = 1.2-107% . 1%_; [GeV~tsr~ls~lem™2:

Oreco MRF MDP Vsig Vatm

[0°,180°] | 0.282atE, = 10°%5GeV | 0.792at E, = 105%°GeV | 15.83 | 3.14

[0°,100°) | 0.623atE, = 10>°°GeV | 1.718at E, = 10°>°GeV | 6.24 | 1.95

Table 6.5: The reconstructed E, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation
are reported for events that have been reconstructed with the Chameleon recon-
struction. The number of signal vy, and background events v, at these points

are calculated.

For a neutrino flux ®(E,) =1.2-1078 . ’]EGV:/ [GeV lsr=ls~lem™2):

Oreco Pgg [GeVtsr~lsTlem™2] | @5, [GeV lsr~ls~lem ™2
[0°,180°] 0.34-1078% 0.95-107%
[0°,100°) 0.75-1078 2.06 - 1078

Table 6.6: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed

with the Chameleon reconstruction.
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For a neutrino flux ®(E,) = 1.2-107% . By [GeV~tsr~ls~lem™2:

1GeV
Oreco MRF MDP Vsig | Vatm
[0°,180°] | 0.284atE, = 10>%GeV | 0.824at E, = 10°%°GeV | 17.38 | 4.36
[0°,100°) | 0.589at E,, = 10°3°GeV | 1.729at E, = 10°%GeV | 892 | 5.25

Table 6.7: The reconstructed E, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation
are reported for events that have been reconstructed with the recoLNS reconstruc-
tion. The number of signal vy, and background events v, at these points are
calculated.

For a neutrino flux ®(FE,) =1.2-107%. B, * [GeV~tsr=ts~lem™2:

1GeV
Oreco oo [GeVlsrlsTlem™2] | @5, [GeV lsr—ls~lem ™2
[0°,180°] 0.34-1078 0.99-1078
[0°,100°) 0.71-1078 2.07-1078

Table 6.8: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed
with the recoLNS reconstruction.

6.4 Improvements on the Energy Reconstruction

It is interesting to check the effect of the imprecise knowledge of the muon (neu-
trino) energy on the calculations of the sensitivity and the discovery potential.
For this, the simulated energy can be used to compare the MRF and the MDP
for the case of ”perfect” energy reconstruction.

The muon energy is underestimated for muons with energy at the PeV range
leading to a shift of events to lower energy bins of the reconstructed energy
resulting to a deficit of events in the high energy regime which is the energy
range in which there is a lack of atmospheric neutrinos and a domination of the
signal events. The MRF and the MDP are thus minimised in higher bins of
the reconstructed energy while the values at these points of minimisation are

larger with respect to the corresponding quantities if the MRF and the MDP
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For a neutrino flux ®(E,) =1.2-1078 - % [GeVLsr—ls~lem™2):

Oreco MRF MDP

[0°,180°] | 0.284at E}f = 10°°°GeV | 0.824at E/f° = 1075°GeV

0°,180°] | 0.216at EMC = 10>%GeV | 0.612at E}'C = 10°4GeV

Table 6.9: The reconstructed E,, that minimise the Model Rejection Factor (MRF)
and the Model Discovery Potential (MDP) and the points of minimisation are re-
ported for events that have been reconstructed with the recoLNS reconstruction.
The corresponding quantiles for the MC muon energy for the expected astrophysical

IceCube neutrino flux without cutoff are calculated.

are calculated for the MC muon energy as it can be observed in Table 6.9 1. As
the muon energy underestimation affects the points and the values of the MRF
and the MDP minimisation and consequently the calculations on the sensitivity
and the discovery potential for the neutrino telescope, an effort to reduce the
underestimation of muon energy is made.

Despite the good energy reconstruction achieved, as described in sections 5.6
and 5.8.1, the muon energy is often underestimated for events that travel only
short distances in the detector or escape the detector and thus deposit only a
fraction of the light in the instrumented volume. Therefore, the introduction to
the NN of additional quantities to account for the distance that the muon has
traveled inside the instrumented volume is considered. Apart from the variables
(described in section 5.4) that show a strong dependence on the muon energy
and are used for the energy reconstruction, the length of the muon track and the
maximum length possible (calculated as described in section 4.3) in the detector
volume were used. In contrast to the NN input variables, these quantities do
not show a strong dependence on the muon energy and thus are not used for the
standard energy estimation. However, they are inserted to the NN to further
enhance the distinction between events that have deposited comparable amount
of light in the detector but have entered the detector in different points and
have traveled different distances in the instrumented volume. The ratio of these

quantities to the maximum distance, L., that a muon can travel inside the

'Events have been reconstructed with the recoL NS reconstruction package.
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6. SENSITIVITY AND DISCOVERY POTENTIAL

instrumented volume according to its zenith angle, was estimated as:

i. mazimum length possible | Lyaq

ii. muon length / Ly

where L,,..: 18 the maximum distance that can be traveled inside the in-
strumented volume by a well contained muon and depends on the reconstructed

muon zenith 6,.. It is calculated as:

Lipaz = h+ (2R — h) - sin0¢

given h: the detector height, R: the detector radius. This distance corresponds
to the detector diameter (L, =1008 m) for a horizontal track (6. =90°) and
to the detector height (L4, =612 m) for a vertical track (Figure 6.3).
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Figure 6.3: The maximum distance that can be traveled inside the instrumented
volume by a well contained muon, Ly, as a function of the sine of the reconstructed

muon zenith, sin 6,....

The variable (i) accounts for tracks that enter the detector in a point that
corresponds to a short maximum length possible (or alternatively a short geo-
metrical distance) inside the instrumented volume while the second variable (ii)
differentiates tracks that stop inside the detector without traveling the maximum
length possible from tracks that escape the detector. The aforementioned quan-
tities are inserted in the Neural Network (NN) complementing the quantities

(i)-(iv) that are described in section 5.4 in the muon energy reconstruction.
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Figure 6.4: The performance of the Neural Network for the muon energy is shown.

6.4.1 Training the Neural Network

As it is described above, the first layer of this NN holds six input variables
while the hidden layer consists of 13 nodes. The neuron activation function used
was the hyperbolic tangent while the weights were adjusted with the use of the
Broyden-Fletcher-Goldfarb-Shannon (BFGS) method [110]. Again, one half of
the reconstructed event sample was used to train and test the NN and the other
half for NN evaluation. The results of the training and test phase of the NN
are reported in Figure 6.4. Figures 6.4 (a) and (b) show the deviation of the
estimated log;y E,, from the MC log,q E, as a function of MC log,q E,, during
the NN training and test phase. The convergence of the mean square estimator

for the NN training and test phase as calculated during the different epochs of
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training, is shown in Fig.6.4(c). The average deviation of the estimated log, £,
from the MC logy E,, (blue squares) and the corresponding quantity for 90%
of the events for which the deviation is closer to this average (black squares)
during the NN training (open squares) and test (filled squares) phase is shown
in Fig.6.4(d). An average deviation of less than 0.21 for the muon energy is
achieved for both training and test samples. The NN performance is stable,
therefore, the energy can be evaluated for the second half of the reconstructed

v, event sample (as it is mentioned in section 5.5).

6.4.2 Performance of the Improved Energy Reconstruction

The input variables for the sample of v, events that are used for the energy
reconstruction are inserted in the Neural Network. The energy is estimated
through the employment of the weights of the inter-neuron connections that were
calculated during the training phase and the results are presented in Figures
6.6 and 6.8. These results refer to events that have been reconstructed with
the recoLNS reconstruction and satisfy the A > —5.8 criterion. Figure 6.6
shows the reconstructed muon energy (log10Ereco) With respect to the MC muon
energy (logioE,) for well contained tracks (as described in section 5.2) and for
all reconstructed tracks. The corresponding plots for the previous training of
the NN (with four input variables) are shown in Figure 6.5 for comparison. As it
can be observed in these figures, the new NN that takes into account the length
and the maximum length possible of the track inside the detector compensates
for the underestimation of the muon energy at the high energy regime leading to
a linear relation of the reconstructed and the MC muon energy that extends to
the entire energy range. This improvement in the muon energy reconstruction is
more apparent in Figure 6.8 which shows the median of log10(Ereco/ E,) with 68%
and 90% quantiles with respect to logi0E,. Compared to the corresponding plot
with the previous NN (as it is shown in Figure 6.7) the new energy reconstruction
is an improvement as it leads to narrower quantiles and similar results for events
that satisfy the containment selection and for all reconstructed tracks.

The energy resolution of this improved energy estimator for muons with
energy F, > 10 TeV is reported in Figure 6.9 and is equal to 0.25 both for events
that satisfy the containment selection (left plot) and for all reconstructed tracks
(right plot). Compared to the corresponding distributions of l0g10(Ereco/Ew)
with the previous NN which are shown in Figures 5.25, 5.26(right plots) an
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Figure 6.5: The reconstructed energy (log19Ereco) With respect to the MC muon
energy (logioE,) for events that satisfy the containment selection (left plot) and
for all reconstructed events (right plot) before improvements. To guide the eye, the
line at 45° is drawn.
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Figure 6.6: The reconstructed energy (log19Ereco) With respect to the MC muon
energy (logioE,) for events that satisfy the containment selection (left plot) and
for all reconstructed events (right plot) after improvements. To guide the eye, the
line at 45° is drawn.

improvement of about 7.5% for events that survive the containment selection and
about 11% for all reconstructed events with A > —5.8 has been achieved. This
improvement can be observed in Figure 6.10 where the black line corresponds
to the previous NN training and the red line to the improved energy estimator.
The distributions of log1o(Ereco/Ey) are more symmetric while the number of
events for which the energy has been underestimated is reduced for this new

Neural Network.
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Figure 6.7: The median of the logarithm of the ratio of the reconstructed to the
MC muon energy (with 68% and 90% quantiles) with respect to the MC muon
energy (logioE,) for events that satisfy the containment selection (left plot) and

for all reconstructed events (right plot) before improvements.
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Figure 6.8: The median of the logarithm of the ratio of the reconstructed to the
MC muon energy (with 68% and 90% quantiles) with respect to the MC muon
energy (logioE,) for events that satisfy the containment selection (left plot) and

for all reconstructed events (right plot) both after the improvements.

6.5 Calculations for KM3NeT detector using the Im-

proved Energy Reconstruction

The calculations of the sensitivity and the discovery potential for 1 year of opera-
tion of the KM3NeT-ARCA detector as it is determined by the points of minimi-
sation of the MRF and the MDP with respect to the reconstructed muon energy
with the improved energy estimator have been repeated for reconstructed events
with the recoLNS algorithm that satisfy the A and /3 cuts (described in section
6.3). In order to study the effect of the energy resolution to the estimation of

the sensitivity and the discovery potential for the whole energy range we con-
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Reconstruction
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Figure 6.9: The distribution of the logarithm of the ratio of the reconstructed
to the MC muon energy for muons with £, > 10 TeV for events that satisfy the
containment selection (left plot) and for all reconstructed events (right plot). A

Gaussian fit is applied.
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Figure 6.10: The distribution of the logarithm of the ratio of the reconstructed
to the MC muon energy for muons with £, > 10 TeV for events that satisfy
the containment selection (left plot) and for all reconstructed events (right plot).
The black line corresponds to the previous energy estimator while the red line
corresponds to the new energy estimator after improvements.

sider the IceCube astrophysical neutrino flux without cutoff (as it is described
in section 6.3). The points of minimization of the MRF and the MDP when the
reconstructed and the MC muon energy are considered are reported in Tables
6.10 and 6.12 respectively. As it can be observed in the aforementioned tables
the reconstructed energy for which the MRF and the MDP are minimised is
shifted in higher energies by approximately two (or more) energy bins (or about
0.2 in log10E,) with respect to the corresponding minimisation points when the

calculations are performed for the MC muon energy. The corresponding val-
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6. SENSITIVITY AND DISCOVERY POTENTIAL

For a neutrino flux ®(E,) = 1.2-107% . By [GeV~tsr~ls~lem™2:

1GeV
Oreco MRF MDP Vsig | Vatm
[0°,180°] | 0.276at E, = 10>%GeV | (0.793at E, = 105%5GeV) | 19.26 | 5.40
(0.302at E, = 10°>%GeV) | 0.755at E, = 10>%°GeV | 10.39 | 0.84
[0°,100°) | 0.568atE, =10°>%GeV | (1.725at E, = 10°3°GeV) | 9.40 | 5.46
(0.577at E, = 10°>%GeV) | 1.608atE, = 10>°GeV | 6.70 | 1.91

Table 6.10: The reconstructed E,, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation
are reported for events that have been reconstructed with the recoL NS reconstruc-
tion. The number of signal vy, and background events v, at these points are
calculated.

For a neutrino flux ®(E,) =1.2-1078 - By [GeVlsr—ls~lem™2):

1GeV.
Oreco oo [GeVtsrls7lem™2] | @5, [GeV lsr~ls~lem ™2
[0°,180°] 0.33-1078 0.91-1078%
[0°,100°) 0.68-1078 1.93-1078

Table 6.11: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed
with the recoLNS reconstruction.

ues for the sensitivity and the discovery potential are reported in Tables 6.11
and 6.13. An improvement on these estimates with respect to the reconstructed
muon energy with this new NN when compared to the previous training of the
NN (Table 6.8) has been achieved.

For completeness, the values of the MRF and the MDP and thus the sensi-
tivity and the discovery potential are calculated for the astrophysical IceCube
neutrino flux with cutoff at about 3 PeV. Since high energy neutrinos (above few
PeV) are not expected for the flux with this cutoff, only upgoing and horizontal

tracks (with reconstructed zenith angle more 80°) are considered and the results
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6.5 Calculations for KM3NeT detector using the Improved Energy
Reconstruction

For a neutrino flux ®(E,) =1.2-1078 - 1%_;/ [GeVLsr—ls~lem™2):

Oreco MRF MDP Usig Vatm

[0°,180°] | 0.216at E, = 10>3°GeV | (0.632atE, = 105%GeV) | 2251 | 4.10

(0.218at E,, = 1055GeV) | 0.612atE, = 10>%GeV | 19.55 | 2.70

[0°,100°) | 0.426atE, = 10>GeV | (1.262at E, = 10>1°GeV) | 12.68 | 5.67

(0.443at E, = 10°>%GeV) | 1.224atE, = 10>3°GeV | 9.25 | 2.35

Table 6.12: The MC E,, that minimises the Model Rejection Factor (MRF) and
the Model Discovery Potential (MDP) and the points of minimisation are reported
for events that have been reconstructed with the recoLNS reconstruction. The

number of signal v,;, and background events v4,, at these points are calculated.

For a neutrino flux ®(E,) = 1.2-1078 - ]EG;;/ [GeVlsr—ls~lem™2):
Oreco oo [GeVlsrlsTlem™2] | @5, [GeV lsr~ls~lem ™2

[0°,180°] 0.26 - 1078 0.73-1078

[0°,100°) 0.51-1078 1.47-1078

Table 6.13: Calculations (using the MC E,,) for the sensitivity and the discovery
potential for 1 year of operation of the KM3NeT-ARCA detector for events that

have been reconstructed with the recoL NS reconstruction.
are summarized in Tables 6.14 and 6.15. Compared to Table 6.4 an improve-

ment on the discovery potential can be reported while the sensitivity remains

constant.
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6. SENSITIVITY AND DISCOVERY POTENTIAL

For a neutrino flux ®(E,) = 1.2-1078. % e B3PV Gev—lsr—lsTlem ™2

Oreco MRF MDP Usig Vatm,

[0°,100°) | 0.946at E, = 10*%°GeV | 2.771at E, = 104%GeV | 12.11 | 35.13

Table 6.14: The reconstructed E, that minimises the Model Rejection Factor
(MRF) and the Model Discovery Potential (MDP) and the points of minimisation
are reported for events that have been reconstructed with the recoLNS reconstruc-
tion. The number of signal v,;, and background events v, at these points are

calculated.

For a neutrino flux ®(E,) = 1.2-1078 - % e B3PV Qe lsr—lsTlem ™2

Oreco Pgg [GeVlsrls7lem™2] | @5, [GeV lsr~ls~lem ™2

[0°,100°) 1.14-1078 3.33-1078

Table 6.15: Calculations for the sensitivity and the discovery potential for 1 year of
operation of the KM3NeT-ARCA detector for events that have been reconstructed

with the recoLNS reconstruction.

6.6 Uncertainty introduced by the energy estimator

In order to investigate the shift of the minimisation points of the MRF and
the MDP to higher energies, the number of atmospheric and astrophysical v,
() for different energy bins of the MC (E/]y ¢ and the reconstructed (E,5)
muon energy are calculated and reported in Tables 6.16 and 6.17 for all recon-
structed track directions ! and for upgoing and horizontal tracks (tracks with
reconstructed zenith angle more 80°) respectively. As it can be observed in
these tables the number of signal events (vs;4) per energy bin of Ey ¢ and Ejece
is similar while the number of atmospheric neutrinos (V4¢,) per bin of the Ejcee
is larger compared to the corresponding bin of Eiy ¢ In particular, the number
of atmospheric neutrinos per bin of the E/° is comparable to the number of
atmospheric neutrinos that is displayed at about two bins lower in Eﬂ/[ C. This
behavior could be explained by an overestimation of the muon energy, thus shift-

ing the events to higher energy bins but the consistency of the number of v,

'Events have been reconstructed with the recoL NS reconstruction package.
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6.6 Uncertainty introduced by the energy estimator

has still to be investigated.

In order to check if this difference in the calculation of the number of vy,
and Vg4, per energy bin of the simulated and the reconstructed muon energy is
reasonable, we consider a muon with simulated logloEfy ¢ = 5.35 (corresponding
to muon energy of about 224 TeV) and suppose an uncertainty in the muon
energy of about 0.25 in logloEl]y C that corresponds to the energy resolution of
this method. Then we count the number of signal and background events for
the MC muon energy at bins ! [5.1,5.2), [5.3,5.4) and [5.5,5.6) corresponding to
Eﬁ/[c = 10121035 and 10°® as they are shown in Table 6.17. The number of
Vatm that are counted in the bin with E;eco = 10%3% is very close to the number
of vam that is observed at about two bins lower in El]y C. This can happen if a
muon with Eyc = 10>15 is overestimated at 0.25 in logloEﬁ/[C (corresponding
to El’fc" = 105'35). On the other hand, the number of vy, that are counted in
the bin [5.3,5.4) of EJ¢ is slightly larger (about 2%) than the corresponding
bin at E}C.

The spectrum of v, has a steeper fall (following E~37 as it can be seen in
Figure 5.1) and extends to lower energies. Events for which the energy is over-
estimated will be added to higher energy bins resulting to a significantly larger
number of V4, in this bin while the vy, spectrum is more flat (following E~?),
compared to the spectrum of vy, and the weights that will be added to the
events will be comparable for events for which the energy is overestimated and
underestimated. An overestimation of about 0.25 is thus expected to add 141%
more background events in an energy bin and 37% more signal events. Specifi-
cally, if we consider a flatter spectrum, such as the vy, spectrum, the effect in
the number of detected events due to the uncertainty in energy estimation (of
0.25 in the logloEliV[C) will be less important for the final calculations. When
considering the vqy, spectrum however, in which most events are at lower ener-
gies, an overestimation of detected events in higher energy bins will be favored
and a larger number of v, will be calculated.

The same behavior of the number of vy, and V44, per energy bin can be
observed in Table 6.16, that refers to tracks with reconstructed zenith angle all

over 2. In this table however, the number of v, per energy bin of Ezec" is

'An uncertainty of 0.25 in logioE)'® for a muon with logioE'“ = 5.35 (bin [5.3,5.4))
corresponds to a shift at energies of approximately logloEfy € = 5.3540.25 (at energy bins
[5.1,5.2) and [5.5,5.6)).
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6. SENSITIVITY AND DISCOVERY POTENTIAL

smaller than the number of atmospheric neutrinos that is displayed at about
two bins lower in Ely ¢ when compared to the corresponding quantities at Table
6.17 (that takes into account only upgoing and horizontal reconstructed tracks).
This difference is due to the contribution of muons with energies at the PeV
range when downgoing tracks are also considered. Muons at these high energies
are usually underestimated leading to a shift of some events to lower bins of
E}° thus partially compensating for the overestimation of the lower part of the

spectrum and the shifting of E},“ at higher energy bins.

For a neutrino flux ®(E,) =1.2-1078 - Ly [GeV Lsr=ls~lem™2):

1GeV
ENC[GeV] | veig | Vam | Ef°[GeV] | v Vatm
10519 29.60 | 9.42 10512 30.39 | 22.27
10525 25.94 | 6.29 1052 26.24 | 14.31
10539 22.51 | 4.10 1053 22.48 | 8.68
10549 19.55 | 2.70 10549 19.26 | 5.40
10759 16.80 | 1.75 10559 16.50 | 3.45

Table 6.16: The number of signal v,;, and background events v, are calculated
for different energy bins of the MC and the reconstructed muon energy for tracks

with reconstructed zenith angle all over 27.

To conclude, the calculations of the sensitivity and the discovery potential,
based on the reconstructed energy, include an uncertainty that is introduced
by the ambiguity on the determination of the energy. In order to interpret the
results on the sensitivity and the discovery potential, the error on the reconstruc-
tion of the energy, and specifically the energy resolution has to be considered.
Apart from the resolution of energy, the percentage of events for which the energy
is over(under)estimated should be taken into account, since a bias of a method on
the over(under)estimation of the energy would introduce a bias in the calculation
of the aforementioned quantities. A band for the sensitivity and the discovery
potential containing their lower and higher values taking into account the un-

certainty of the energy can be introduced. Since the energy resolution for this
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6.6 Uncertainty introduced by the energy estimator

For a neutrino flux ®(E,) = 1.2-107% . By [GeV~tsr~ls~lem™2:

1GeV
Eﬁ/f CGeV] Vsig | Vatm | E}[GeV] Vsig Vatm
10515 12.68 | 5.67 10°-15 13.31 | 14.12
10525 10.89 | 3.70 10%25 11.20 | 9.09
10°35 9.25 | 2.35 105-3° 9.40 5.46
10°45 7.92 1.51 10°45 7.94 3.24
10555 6.70 | 0.95 10555 6.70 1.91

Table 6.17: The number of signal v,;, and background events vy, are calculated
for different energy bins of the MC and the reconstructed muon energy for tracks
with reconstructed zenith angle more 80°.

energy estimator is of about 0.25 the calculation of the lower and higher values
for the sensitivity (discovery potential) band will consider background events ly-
ing in two bins higher and lower than the minimum of the MRF (and the MDP)
and signal events corresponding to the bin of the MRF (MDP) minimisation.
Therefore, the sensitivity band for tracks with reconstructed zenith angle all
over 27 considering the IceCube flux without cutoff (as presented in Table 6.11)
will lie between [0.25-107% GeV ~Lsr—1s7lem™2,0.48-107 GeV lsr—ts~lem™2].
These values are calculated considering the minimum and the maximum values
for background events that correspond to the background events at energy bins
[5.6, 5.7) and [5.2, 5.3) respectively. These bins are two bins higher and lower
than the bin of the MRF minimisation ([5.4, 5.5) (Table 6.11)). As it is observed
the calculated sensitivity, with a value of 0.33 - 1078 GeV ~lsr=ts~lem =2 lies in
this estimated band. The sensitivity calculated for the MC muon energy with
a value of 0.26 - 1078 GeV~lsr~ts~lem™2, as it is shown in Table 6.13, corre-
sponds to the lower part of the sensitivity band. Following the same procedure,
the band for discovery potential is [0.73 - 1078 GeV ~lsr=ls~tem=2, 1.32-1078
GeV~lsr~'s~'em™2] which contains both the value of the discovery potential
using the reconstructed (0.91 - 1078 GeV ~lsr~ts~lem™2) and the MC muon

energy (0.73-107% GeV~lsr~'s~lem™2), as presented in Tables 6.11 and 6.13
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6. SENSITIVITY AND DISCOVERY POTENTIAL

respectively. The resulting sensitivity band and discovery potential band for 1
year of operation of the KM3NeT-ARCA detector are summarized in Table 6.18

for events reconstructed using the recoLNS reconstruction package.

For a neutrino flux ®(E,) =1.2-1078 - 1%:/ [GeVlsr—ls~lem™2):

gy [GeVLsr—ls7lem™2] | @5, [GeV lsrls~lem™?]

[0.25-107%,0.48 - 107%] [0.73-1078,1.32-1079]

Table 6.18: The sensitivity band and the discovery potential band for 1 year
of operation of the KM3NeT-ARCA detector for events with reconstructed zenith
angle all over 27, which have been reconstructed using the recoL NS reconstruction

package.
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7

Conclusion

A novel method for the muon and neutrino energy reconstruction has been de-
veloped and is presented in this thesis. The reconstruction of the muon direction
is essential for the energy estimation. For this reason, before attempting to es-
timate the muon energy, significant effort has been invested in improving the
muon direction reconstruction.

The Chameleon reconstruction, which is the muon reconstruction used through-
out this thesis, has been described and its performance after several improve-
ments has been discussed. A very good pointing accuracy of about 0.2° for muons
at the PeV energy range has been achieved. Comparisons of the Chameleon
reconstruction with another track reconstruction package, the recoLNS recon-
struction, have shown that Chameleon performs very well for high energy muons
of E,, > 50 TeV, which is the energy regime we are mostly interested in.

Once the muon direction has been reconstructed, a Neural Network with ap-
propriate input variables is employed for the muon energy reconstruction. The
muon energy has been reconstructed with a very good energy resolution of ap-
proximately 0.25 in log;y £, for muons at the TeV energy range. The muon
energy has been estimated both for events reconstructed with the Chameleon
and for events reconstructed with the recoLNS package with comparable results.
The neutrino energy has been reconstructed for events that have interacted in-
side the instrumented volume and both Cherenkov photons and photons from
the hadronic shower have been detected. A very good linear relation between
the simulated and the reconstructed neutrino energy has been achieved. This
method for the muon and neutrino energy reconstruction has also been applied

for an alternative detector configuration with a larger distance between strings
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7. CONCLUSION

leading to an instrumented volume of 0.8 km? instead of 0.5 km? for the standard
detector layout. The energy has been estimated for events reconstructed with
both track reconstruction algorithms leading to a very good energy resolution of
approximately 0.25 in logyy £}, for muons with E, > 10 TeV.

Finally, the sensitivity and the discovery potential for the KM3NeT neutrino
telescope were calculated, taking into account the astrophysical neutrino flux
measured by the IceCube Collaboration. The influence of the uncertainty in the
energy estimation to the calculation of the sensitivity and the discovery potential
has been determined. In addition, the energy resolution has been considered in
order to interpret the results of the sensitivity and the discovery potential for
KM3NeT. An uncertainty band for the sensitivity and the discovery potential
(containing the lower and higher values of these quantities) taking into account

the energy resolution of the method was determined.
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