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Introduction

Theresearchactivity of my PhD programwascarriedout aspartof the T2K-SK

experiment,a "long baseline" neutrino oscillation experimentthat aims to

measureahe oscilation parametersin T2K an almostpurebeamof 3¢ with 600

MeV/c peakenergyis producedin the researchacceleratorcomplex,called J-

PARC (Tokai village on the east coast of Japan);after being sufficientely
characterizedby a set of detectorsplaced in the so-called Near Detector
(ND280)in orderto measuregheflow of neutrinosbeforethe oscillationprocess
takesplace,it is subsequentlynterceptedat a distanceof 295 km by the Super

Kamiokandedetector. The latteris locatedin Japanin the Kamiokamine (the

current name from the city is Hida), an inactive zinc mine within Mount

Ikenoyamalts stainlesssteeltank, 41 metershigh andwith a diameterof 39.3

meters,contains50,000tons of ultra pure water, so transparenthat the light

mustcrossabout70 metersbeforelosing half its intensity. The inner part hasa

volume of about 32 kton (22 ktons fiducial) and it is surrounded by

approximatelyl1129PMTs with a diameterof 50 cm, which coverabout40%

of the surface:the photomultipliersrecord the CherenkoMight producedby the

secondaryarticlesof theinteractiondbetweera neutrinoandwater.

From the incidencetime on the wall of PMT (the temporalresolutionis a few

ns) it is possibleto reconstructthe interaction vertex of and the particles
directionwhile the total numberof photoelectronsnakesit possibleto traceits

energy.

The externalpart hasa massof about18 kton andis equippedwith 1885PMT

with a diameterof about20 cm thatlook outwardsit worksasa screemandveto

for environmentalradioactivity and allows to identify cosmicrays and muons
producedby neutrinointeractionsoutsidethe detectoror thoseeventsthat are

not completelycontainedwithin thefiducial volume.

The possibility to measurehe directionand energyof the neutrinoat energies
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lower than 20MeV is heavily limited in the Cherenkov'sWater, due to the
Coulomb multiple scattering.An accuratecalibration of the detectorin this
energyrangeis thereforefundamental.

The SuperKamiokandeg(SK) detedor, describedn the chapter2 is sensitivenot
only to the interactionsof neutrinoscoming from JPARC, but also to those
generatedor examplensidethe sunand/orby SuperNovaeln particular,with a
thresholdset near 3.5 MeV, SK is currently the largest and most sensitive
observatoryto thesephenomenaThis reasonwhy the calibration responseo
electronggeneratedy the interactionsof neutrinoswith anenergyin 5-20 MeV
range,is particularlyimportantfor its impacton thesemeasures.

The calibration responseto electronsin SuperKamiokande,is carried out
periodically thanksto a LINAC that accelerateknown energy electronsin
predeterminedpositionsin the water volume. It is necessaryto rebuild these
electrons position while evaluating the corresponding energy resolution
obtained.Unfortunately,the currentsystemsuffersfrom many limitations due
both to the insufficient precisionin aligning and steeringof the electronsource
beam,andto the long timesrequiredto obtainit. As partof my thesisactivity |
took partto the latestcalibrationcampaignsarriedout with the currentsystem
(ch.3.

Sincea typical campaignexpectsto usedifferent energyvaluesand numerous
positions,it takesalong time aswell asheavywork: for examplethe onein the
summerof 2017 requiredfour weeksof datacollecting during which the SK
could not gatherdatain optimal conditions.Many of the elementghe LINAC is
madeof, suchassomecollimators,arelocatednearthe so-calledouterdetector,
an esential elementthat helpsto definewhich eventsare completelycontained
in the fiducial volume; the beam scraping on the collimators generatesa
backgroundhoiseof X radiationthatis consideredxcessiveThis forcesSK to
operatan areducedconfigurationwith the outerdetectoroff. This configuration

preventsthe measuremendf the higher energyneutrino interactionswith the
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usual efficiency, including atmosphericinteractions and makes it virtually
impossibleto recorddatawith the T2K beam.For this reasoncalibrationswith
the LINAC arealwayscarriedout duringbeamshutdownperiods.

So far, for all thesereasons,calibration campaignshave beenfew and on
averageseparatedavertime by at least2 years.Specificallyin this context,my
reseach activity includesnot only the study and active participation,in the
currentdetectorcalibration proceduresput at the sametime the simultaneous
developmenbf anewLINAC monitorfor SuperKamiokande(responsibilityof
the INFN group). By introduchng the use of beam monitors with position
measurementthe steeringof the beam can be fast and accurate,theseare
fundamentaktonditionsto obtainan optimal calibrationof the electronresponse
in the detector by solving the current limitations and paricularly by
considerablyshorteninghetime required.

During the activity work of my PhD, | carried out the analysisof the data
recordedduring the calibrationcampaignl took partin and,at the sametime, |
developedurthernew simulationcodesfor the monitorwe arebuilding andthat
will be installedin SuperKamiokande,finalizing the designwhich has been

studiedwith all the optimal parametersequired(ch.4).



Chapter 1

Neutrinosare suspectedo be the secondmost abundantparticle in the universe
(after photons)and yet remainsomeof the most elusive:the neutrinophysicsis
one of the mostimportantfield of particle physics.The following sectionswill
coverthe developmenbf neutrinophysicsstartingfrom the neutrinodiscoveryto
the currentandfuture generatiorof neutrinoexperimentsit will alsobe discussed
theinclusionof neutrinomasses$n the StandardModel andthe neutrinooscillation

phenomenon.

1.1.Abriefneut rhistorg 0 s

The existenceof the neutrinowasfirst postulatedoy Wolfgang Pauliin 1930: he
proposed solutionto explainthe continuousspectrunof b decayandthe problem
of spinof somenuclei.

In the b-decayof a nucleus(A, Z), the processcanoccurvia electronemissionin
thenucleartransition(A, Z) -> (A, Z + 1)+e.

If (A, Z) decaysin the restframe,accordingto the conservatiorenergylaw of a
two body decay the energyof the emitted electronshould have a fixed value.
Instead, a continuous electron energy spectrum, peaked at energy E.**was

experimentallyobservedextremelycloseto the predictek, -, asin figure 1.1
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Fig. 1.1: Schematiappearancef the electronspectrunin b-decay.

Pauliunderstoodhat, underthe conditionof energymomentumconservationthe
only possibilityto explainthe continuousb-spectrawasto assumehe existenceof
a new, neutral particle which was emitted with the electron,not detectedin the
experiment Pauliinferredthatthis particle shouldbe: electricallyneutral(in order
to conservecharge),with spin 1/2 to conserveangularmomentumand weakly
interacting.Finally, it is neededhat this new particle hasa masslighter thanthe
electronandcalledthe newparticleii n e u tEnrecoFérmidevelopedhisideain
1934andbuilt thefirst theoryof the b-decayof nuclei,basedon Pauliassumption.
In particular,F e r nthed@rymssumedhat nuclei are boundstatesmadeof proton
andneutronsFermiexplainedthe b-decayprocessasthe electronprotonscattering
with the assumptionthat the electronrneutrino pair is producedin the quantum

transitionof a neutronin a proton(Figurel1.2)[1].

e Ve

Fig.1.2:F e r rexpfamatiorof b-decay.



Todaywe know that b-decayoccurswith the exchangeof the intermediateboson
W, andthe Fermitheoryis thelow energylimit of this process.

Due to the elusivenatureof the neutrino,it took anothentwenty-five yearsbefore
the first neutrinowasactually observedoy FrederickReinesand Clyde Cowanof
the Los Alamos National Laboratory,who, in 1955 discoveredthe electronanti
neutrinoobseved in ve+p->€"+n at the SavannatRiver reactor[2].In 1957,Bruno
Pontecorvoproposedthe idea of neutrino oscillations between neutrinos and
antineutrinog3] to explainthe missingneutrinos:Pontecorvchad suggestedhat
neutrinoscould osallate betweerflavor (describedn 1.2) statesasthey propagate,
therebyreducingthe electronneutrinoflux at the Earth but maintainingthe total
neutrino flux. Pontecorvohad even suggestedhat ii f r thenpoint of view of
[neutrinooscillation] detecion possibilities,anideal objectis thes u nNm1962Z.
Maki, M. Nakagawaand S. Sakataformulated the theory for neutrino flavor
oscillation [4]. which combinedwith the theory of matter effects on neutrinos
proposedby Mikheyev, Smirnov and Wolfensten (the so-called MSW effect)
couldaccountor theobservediiscrepancies the solarneutrinoflux.

In 1998 the SuperKamiokande (SK) [5] experimentprovided evidence for
neutrino oscillations, when it detecteda disbalancebetweenup-going muons
neutrnos, producedby neutrinoswith a longerflight lengththroughthe Earth,in
comparisonto downgoing muonsneutrinos.Looking at the zenith angleit was
possibleto reconstructthe path distancetravelled by the neutrinos from the
productionin the upperatmospherdo the detectionpoint. The deficit showeda
dependencen this distancethat could be explainedby the theory of neutrino
oscillations.

In 2001 the SNO experimentmeasuredhe flux of all the 3 flavours of neutrinos
andfoundresultsconsistentvith the predictionof the StandardSolarModel [6].

In conclusion,neutrinosare fermions belongingto the lepton sectorof particles

andareelectricallyneutral,naturallyproducedheutrinosoriginatefrom cosmicray
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interactionsn theatmospherandpp andCNO (the carbonnitrogenoxygencycle)
reactionsin the Sun (as well as all other stars,including supernovaeand relic
neutrinosfrom the formation of the universe).They are also producedin beta
decaysjn nuclearreactorsandat acceleratorandthanksto the discoveriesof the
last years, that establishedthe existenceof neutrino oscillations, started the

contemporaryeutrinooscillationexperiment®ra.

1.2.Neutrino mass

The Standard Model (SM) is the theory that has unified the weak and
electromagnetianteractionsand this theory was developedin the middle of the
20thcentury.

The StandardModel (SM) of ParticlePhysicds oneof the mostsuccessfutheories
in scienceexplaininga numberof observedexperimentakesultsat its inception
and making precise predictions that were later confirmed. According to the
StandardModel (SM), there are three i f | a wfonewdrino, named after its
chargedlepton counterpartselecton (e), muon () andtau (J, eachwith their
equivalent anti-particle. The flavor states Jv,), are superpositionsof mass

eigenstatef, ):
v )= Uadvi) , (G2 e, 10, (k=1;2; 3)

whereU s the unitary mixing matrix defined in 1.3.1.

The key ingredientof the SM is the symmetry breaking, usually called Higgs
mechanismSucha procesds responsibldgor the bosonamasseswhosevaluesare
relatedto the Weinbergangle -y, andthe Fermicongant Ge. In the caseof quarks
and leptons,this mechanisms also responsiblefor their massesput it doesnot
providetheir value.In particular,in the caseof the3 the SM modelcannot predict
theirmasses.
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Fig. 1.3 ElectroweakStandardModel scremeafter symmetrybreaking

The neutrino mass was experimentallyknown to be small. The observation
suggeststhat neutrinos are massless,and the results of any direct mass
measurement® dateby precisionkinematicmeasuremendf variousweakdecay
processesare consistentwith zero mass. However, the discovery of neutrino
oscillationshasproventhat neutrinomassis, in fact, not zero, which contradicts
theassumptiommadein the StandardModel in which neutrinosaremassless.
However neutrino massescan be introducedinto the theory by the use of two
mechanismsthe Dirac andMajoranamechanisms.

In the Dirac mechanismthe neutrinomassis introducedin the SM via the Higgs
mechanism[7], [8], identically to the quark and chargedlepton mass origin
processjn the Majoranamechanismthe neutrinoscanbe identified with its own
antiparticlesincetheyhaveno charge.

The questionaboutthe neutrino'snature,Majoranaor Dirac, is currentlya subject
of an intenseexperimentalinvestigation. Both mechanismgiverge only for the
case of massive neutrinos, which has been proven by the measurementaind

discoveryof 3 oscillationphenomenotthatis describedn the nextsection.
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Howeverthe kinematiceffectsfor Dirac andMajorananeutrinosarethe sameand
thus, as a consequence;an not be searchedor throughthe neutrinooscillations
directly.

The neutrino mass eigenvaluesare significantly smaller than those of other
elementaryparticlesincluding the other fermionsfrom the samegenerabn. The
absolutevaluesof neutrinomassefiavenot beenmeasureget, howeverthe upper

limits havebeendeterminecandareshownin Tablel.1.

Nentrino Flavour | Upper Mass Limit | Experimental Method

2 eV Tritium
Uy 0.19 MeV T decay at rest

v, 18.2 MeV T decay

Tab.1.1Measurement®f neutrinouppermasslimits from the ParticleData Group (PDG)

The electronneutriro masslimit was determinedusingdecayand gavethe result
of m; < 2 eV at a 95% confidenceevel. The muonneutrinomasswas measured
from chargedpion decayto be m; s5< 190 keV at a 90% confidencelevel. The
lowest precisionup to datehasbeenachievedin assessinghe tau neutrinomass.
Thetauneutrinomasss currentlylessthan18.2MeV ata 95%confidencdevel.
Thefactthatthe masseigenstatearedifferentfrom the flavor eigenstatesanlead
to neutrinoflavor changesy 2z  3p. In the caseof a coherentsuperpositiorof the
mass eigenstatesthe flavor of the neutrino can changeas a function of the
distance. This is called neutrino oscillation. Oscillation is then possble, if
neutrinosjn a certainflavor state,area linear superpositiorof masseigenstatd i3
32, 33) with definite masseqmy,np,mg) different from the mixed one, with mass
differencessmallerthanthe typical quantumuncertaintyin the processasrealized
by PontecorvoMaki, NakagawaandSakata[9].

Thereis now an overwhelmingbody of evidencethat neutrinoshavea small but

nonzeromasg10,11,12,13,14]This evidencecomesfrom observation®f flavour

13



changein neutrinos producedin nuclear readions in the Sun, cosmic ray
interactionsn the atmosphereandin manmadeacceleratobasedheutrinobeams
and nuclearreactors.Neutrinosproducedin the atmospherend from manmade
sourceshave been shown to changeflavour as a function of their production

flavour, energyandthe distanceravelledbetweenproductionandobservation.

1.3. Neutrino Oscillation

1.3.1Neutrino Oscillationsin Vacuum

The ideathat neutrinososcillatewas first proposedseparatelyby Pontecorvoand
by Maki, Nakagawaand Sakataln the 1960'sandwaslater a goodexplanatiorfor
the disappearancef both solar and atmosphericneutrino observedby several
experimentsNeutrinooscillationrelieson the fact thatthe masseigenstatearenot
identical to theflavor eigenstates.
Neutrinooscillationsoccurbecausehe threeflavour eigenstatess, 3¢, 3u, arenot
the sameas the energy,or propagation.eigenstatess;, 3,, 3s. The relationship
betweenthe two basesis containedin the PontecorveMaki-NakagawaSakata

matrix, M puns, andcanbe expresseas:

Ve Ifel 1!92 IIEH
"I-"'p_ = U,Dll U,DLZ U,DLE

IITI IITZ lITE

Vi
Va
V3

In otherwords,this mixing of statesaneanghata neutrinocreatedn someflavour
stateandobservedsometimdaterwill havea finite chanceof beingmeasuredgsa
differentflavour state.

This 3x3 unitary matrix canbe expressedh termsof threerealanglesdi,, dis, ths,

and one phase lcp. The phasefactor is associatedvith two discretesymmetries:

chargeconjugationC that changesparticlesto antiparticlesand parity P which
14



reverseghe spatialcomponentof the wave function. P flips the direction of the
particlesbut notthe spin,hencethe particlehandednesis transformed.

This matrix canbe parameteriseds:

1 0 0 Cis 0 54 e i P S5, O
Mpuns=|0  Ca3  Sig 0 1 0 [—512 Cis l]l,
-5

whereCj = cosd; andS; = sin dj anddij is the mixing anglebetweenthei andj
mass states. This parametrisationneatly splits the PMNS matrix into three
rotations,which can be roughly associatedvith the neutrinosourcesthat canbe
usedto measurehem.

Explicitly, atmosphericand beamneutinos provide sensitivity to dzs, beamand
reactorneutrinosare usedto measured;s, and solar neutrinosprobe di,. These
associationsare dueto the leadingterm in the neutrino oscillation probability in
eachcasebut thisis not the only factorthatdetermineshe sensitivityof individual
experimentsThe ratio of an experiment'daselineto the energyof the observed
neutrinosandthe masssquaredsplitting betweerthe two neutrinostateggovernthe
oscillation probability, which will ultimately determinethe sensitivity of the
experimento boththe dominantandsubbdominantmixing angles.

Thefactor Ucp is relatedto the chargeparity (CP) symmetryin the leptonsector.It
canbe demonstratethatif Ucp | 0, CPis notconserved.

As for all fermionsandtakinginto accounthe PMNS matrix, the wavefunction of

aneutrinoin theflavor eigenstaté) canbewritten as:

Y, (xt) = XUy e 3= Uqi ey T g
Sincethe masse®f the neutrinosarevery small,

15
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Eiap 3 —

therefore:

2
my

W, (x.t) = "7 (X, Uqg edaj:gi-

A neutrino producedat the sourceat a time t = 0 will evolve following the
Schedinger equation.So that after a time t and a distancetravelledL, thereis a
nonzeroprobability of finding the neutrinoin a differentflavour eigenstate.
Assumingthat a neutrino of flavor U is traveling at the speedof light ¢ for a
distance., we can write its probabilityto bein aflavor eigenstat® attimet as:
2412

I]“TI,I-

Z[ Uﬁi”?ﬁ e ZPv

P@ByY 3p) =

The probability of a neutrinooscillatingfrom a neutrinoof flavour Uto a neutrino

of flavour b, in avacuum,occursaccordingto theformula:

)

wheregmg ¢ = m?1gd M (1 and?2 indicatethe masseigenstates): andL arethe

Amap? L
4E

P@BuY 3p) = Sinf2- sir?

neutrino energy and the distancefrom where the neutrino is producedto its
detectionpoint, respectivelyWhile ggm? and - arethe physicalparametershatwe

wantto measurekE andL dependontheexperimenperformed.

1.3.2Neutrino Oscillationsin Matter

Matter effectscan greatly affect the probability of neutrinooscillations:neutrinos
that travel throuth the mattercan interactwith the particlesalongtheir way, and

thisinteractionsareableto modify their propagation.

Up until now, neutrinoshavebeenconsiderecdas propagatingwithout disturbance

from matter, but in reality most neutrino experiments involve neutrinos
16



propagatinghroughthe Earth. This can makea substantiadifferenceto neutrino
oscillationphysics.

In particular,when neutrinostravel throughmatter,their propagations modified
by the coherentforward scatteringfrom particlesthey encounter,consequently
changingtheir oscillationprobability[15].

By consideringthis extrapotential, we obtain an oscillation probability that is
dependenton the masshierarchy. The oscillation probability from 3, to 3¢ in
acceleratoexperimentss expressedto first orderin the mattereffect,asthe sum

of five terms:

P(3u Y 3e) = Tleading+ TCPC+ TCPV + Tsolar+ Tmatter

where TieadingiS the leadingterm, Tcpc is the CP conservederm, Tcpy is the CP
violatingterm, Tsoiaris the CP solarterm, and T mareriS the matterterm.

Thisis of the sameform asequationfor vacuumbut the original mixing angleand
the masssplitting « andgp M arenow replacedby the effectivevaluesin matter y
and gpmy. This is the matter effect, and the oscillation amplitude and the
frequencyare changedrom the casein vacuumdueto the particularinteractions
with mattershifting theenergylevels.

Neutrinosare electrically neutral and colorless(color is the charg associatedo
the stronginteractions)sotheydo interactneithervia electromagnetinteractions,
nor via stronginteractionsNeutrinoscanonly interactvia weakinteractionsThere
aretwo type of weakinteractions:ChargedCurrent(CC) andneutra current(NC)
interactions.

Neutrinooscillationsarea quantummechanicaphenomenothat may be observed
over large distances,even astronomicallylarge. In such cases,neutrinos pass
througha significantamountof medium,electronsandnucleonswhich resultsin a

modificationof the oscillationprobability.
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This is called the mattereffect and it occursdue to the neutrino neutral current
(NC) andchargedcurrent(CC) coherentforward elasticweak scattering.The NC
scatteringcanappeairfor everyflavor, howeverthe CC scatteringaffectsonly the
electronflavor asmatterconsistf e, but not p andU

In figure 1.2, theeseboth mechanismsor neutrinosto interactwithout the neutrino
converting into a chargedlepton: neutralcurrent scatteringfrom an electron,

protonor neutronor chargedcurrentscatteringof anelectronanda neutrino:

r r r r r r \"r
1"'8 \p!\‘r 1"'8-'\'!.1!\1: eﬁh __,e
—— R _ i -\--\':-\L_\_ --_r_.a-"
E\.‘L — _____7- -H-""‘--\.--"-

o t-::"

= e

= =

> T T TR

e, p,n e,p,n e Ve

Fig. 1.2 Feynmardiagramsof the neutrinoforward elasticscatteringor the neutralcurrentinteraction(left) throughZ exchange,
andchargeccurrentinteraction(right) throughW exchange.

1.4.Neutrino oscillation experiments

Neutrinoswere createdat the beginningof the Universeand they fill the entire
space similarly to the microwavebackgroundrelic neutrinos) Additionally, they
are produ@d in the celestial bodies, the Earth's atmosphereand manmade
machinessuchasnuclearreactorsor acceleratorsThe neutrinocrosssectionsare
distinctively small and as a consequencéhey can travel long distancesthrough
matterwithoutinteracting,unlike otherparticles.Thereforethe messagé¢heycarry
containsmportantinformationaboutthe sourceghat producethem,eventhe most
distant. This can be achievedby examining neutrino phenomenasuch as the

oscillation of neutrino flavours or the chage parity (CP) violating phasein the
18



leptonic sector,which is thoughtto help explainthe matterantimatterasymmetry
in theUniverse.

Current neutrino oscillation experimentscan use sourcesof neutrinosthat are

natural (solar and atmosphericexperimets) or artificial (reactorand accelerator

experiments).

1.4.1.Solar experiments

The first experimentdo prove the existenceof solar neutrinos were Homestake
[15], SAGE[17] andGALLEX [18], SuperKamiokandeg19], SNO[20] andthey
aremostsensitiveto -1, andonm?z.

Solar experimentsdetectlow energy(in the MeV scale)3. producedin nuclear
reactiongn thecoreof thesun.

The Sunis the mostpowerful neutrinosource.The energysourceof the Sunlight

is a fusion reactionin the centerof the Sun. Four hydrogennuclei (i.e. protons)
form a helium4 nuclei (two protonsandtwo neutrons)via the fusion reaction,in

which fusionenergy,two positronsandtwo electronneutrinosarealsoreleased.

4pY He+ 2€" + 23, + fusionenergy

The electronneutrinosgeneratedn this reactionare called as "solar neutrinos".
The solarneutrinoflux, on the Earth,peronesecondperonesquarecentimeterjs

about66 billion.

Observatiorof solarneutrinosbegunwith Homestakeexperimenty R. Davisand
soon from thelate 1960sin US. In the Homestakesxperimentsolarneutrinoflux

wasmeasuredia the productionrateof argonatomsfrom the neutrinoreactionof

chlorineatoms.It wasimpossibleto measurehe neutrno direction.

The StandardSolar Model (SSM) [21] predicts that the solar flux contains
neutrinoswith energiesup to 30 MeV, which majority is below 0.4 MeV. As a

results of the experiment,the observedproduction rate was about 1/3 of the
19



expectedvalue from StandardSolar Model (SSM). This problemwas called as
"solar neutrino problem". In 1988, the solar neutrino results other than the

Homestakeexperimentwas firstly reported from the Kamiokande experiment
group.Kamiokandewhich wasthe former expermentof SuperKamiokandewas
able to measureneutrino coming direction in real time. It was firstly shownby

Kamiokandethat the observedneutrinoswere coming from the direction of the

Sun. However,the observedsolar neutrinosflux was abouthalf of the expected
valuefrom SSM. Thereforethe solarneutrinoproblemstill remained.

In June2000, SuperKamiokandehasreportedthe observationresult of the solar
neutrinoflux with a highestaccuracythan everbefore.As a result, the observed
solar neutrinoflux was about45% of the expectedflux in SSM with more than
99.9% confidencelevel, suggestinghe solar neutrino problemwas causedby a

neutrinooscillation. Furthermoremeasuringenergydistribution of solarneutrinos
and time variation of the solar neutrinosin day time and night time with high

accuracya largelimit on the neutrinooscillation paramete(massdifferenceand
mixing angle) areawas obtained.It was also shown that the mixing between
neutrinos are large. In June 2001, a combined anaysis of solar neutrino
observationbetweenSuperKamiokandeand SNO experimenin Canadashowed
a reliable evidencethat a neutrinooscillation really occurred.In addition, it was
confirmedatthe sametime thatthe neutrinoflux calculatedrom SSMwascorrect.
Although the problemthat observedsolar neutrinoflux looked smallerthan SSM
was solvedby neutrinooscillation, thereare still unsolvedquestionsn natureof

neutrinosor the burningmechanisnof the Sun(SSM). For example they aretrue
values of the solar neutrino oscillation parameterdmassdifference and mixing

angle),confirmationof the Earth'smattereffect on solar neutrinos,elucidationof

the chemicalcompositionof the solarinterior,andsoon.
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1.4.2.Atmospheric experiments

Atmospheric experimentsdetect the neutrinos producedby the interactionsof
cosmicrayswith nucleiin the upperatmosphereDecaysof pions, kaons,muors

andelectronsproducerespectivelys, ,v, , 3. and v, atenergiefrom MeV to TeV.

Super Kamiokandeand MINOS [22] are examplesof atmosphericneutrino
experimentghataremainly sensitiveto -3 andgam?s,: theseparametersirecalled
the "atmospheric" parametersas initially they were determined from the
observatiorof the neutrinosproducedoy cosmicraysin the Earth'satmosphere.
Cosmicraysarea radiationof high energyparticlesarriving at the Earthfrom the
Universe.In the GeV/nucleorenergyregion,these cosmicray particlesare mostly
protons,about5% are Helium nuclei anda still smallerfraction of heaviernuclei.
Electronsand photonsalso composea part of the cosmicrays. However,a proton
enteringthe atmospher@roducesa showerof hadronswvhich producepions,which
decayto produceneutrinosvia the following reactionsa” " decaysto a muon(g*)
andas;. The producedmuon (¢*) is also unstableand decaysto a positron(e'),
a3 mnda3s.. A similar decayprocesse®ccurfor ' andK mesonsin this way,
neutrinosare producedwhen a cosmicray particle entersan atmosphere.These
neutrinosarecalledatmospherimeutrinos[23].

Theratio consequentiatio theabovereactionscanbe written as:

andis expectedo be 2 at moderateenergiegthe spectrunpeakis at1 GeV).
However, the SuperKamiokande experiment, along with other experiments,
measurec lower valuewhich wasknownasthe AtmosphericdNeutrinoAnomaly.
Additionally, SK analysedthe direction of incoming neutrinosand observeda
large deficit of up-going muonsneutrinos,producedby neutrinoswith a longer
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flight length throughthe Earth, in comparisonto down-going muonsneutrinos.
This was explainedin the contextof neutrinooscillations hypothesisand was an
evidenceof 3, disappearancelater, this measurementvas confirmed by the

acceleratogeneratecheutrinoexperiments.

1.4.3.Accelerator experiments

In acceleratoexperimentseutrinosare producedvia the samereactionsasin the
atmosphereThe maindifferenceis thatthe energyandkinematicsof the particles
within the focusedbeamcan be controlledin the acceleratorexperiments.The
typical energyof acceleratoneutrinasis of theorder~ GeV.

Long baselineacceleratoexperimentslike MINOS, T2K andN O 3 [24] useGeV
muonneutrinosproducedoy pion decayin anacceleratocomplexandconsistof a
far detector,positionedclose to the oscillation maximum, and a near detector,
positionedust after the neutrinobeamproductionpoint, to constrainthe properties
of the neutrinobeam Theseexperimentaremostly sensitiveto <13, =3 andop Ms..
As alreadymentioned,the probability of neutrinoshaving oscillatedaway from
their original flavour statedependsn their energyanddistancetravelled.Modern
acceleratobasedong baselineneutrinooscillationexperimentssuchas T2K and
N O 3 Axplat this by utilising a protonacceleratoto producea - predominantly
muon neutrino beamspreadover a few GeV neutrino energyand observethe
changein the flavour compositionof the beamover a few hundredkilometres,
whereneutrinooscillationsaremaximal.

In general,neutrino oscillation experimentsdetectthe productsof the neutrino
interactions andthereforeit is fundamentato understandeutrinointeractionsto
infer anyneutrinoproperty.

Futureexperimentslike HyperKamiokandg25] andDUNE [26], could alsolead
to the measuremendf Ucp : it is difficult to measurea Ucp phaseasit requiresthe

mixing anglesto be determinedwith a high precision. Otherwise,the current
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uncertaintiesassociatedvith the oscillationparametersneasuremenivould cover
the effectsof Ucp.

However,the nearesfuture experimentdavethe relevantsensitivityandrequired
accuracyto evaluatethe phase factor based on the groundwork of current

generatiorexperiments.

1.4.3.aThe T2K experiment

T2K (Tokai To Kamioka)[27] is a long-baselineneutrino oscillation experiment
which aims to characterisethe mixing of muon neutrinoswith other neutrino
flavours. T2K consistsof a predominantlymuon (or antimuon) neutrino beam
producedat the JJPARC (JapanProton AcceleratorResearchComplex) facility;

the INGRID and ND280 near detectorsplacedat 280 m downstreamfrom the
targetusedto producethe beamandthe SuperKamiokandg SK) waterCherenkov
far detectorlocateda further 295 km away. The layout of the T2K experiment is

summarisedn figure 1.3.

Mt Moguchi-Gore
2924 m
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Fig.1.3 Thelayoutof the T2K experiment

Specifically,a high purity 3, beamis producedat JPARCIin Tokarmura(lbaraki).
The energyspectrumandbeamprofile are measuredt the neardetectorcomplex

at280mfrom production.
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Next, the neutrinobeamarrivesat SK detectorin Kamioka(Gifu), with anenergy
peakof 0.6~GeVandSK detectshe oscillatedneutrinos Both SK andthe ND280
neardetectorareplaced2.5° off-axisfromthe beamcenter.

1.4.3.bThe J-PARC neutrino beam

JPARCIis anewly constructedacceleratofacility consistingof threeaccelerators:
alinearacceleratoto acceleratea H beamto 400 MeV (LINAC), arapid-cycling
proton synchrotronwhich beginswith chargestripping foils to createa proton
beamthatis thenacceleratedio 3 GeV (RCS)andthe mainring synchrotronwvhich

furtheracceleratesomeportion of the protons(MR) (Fig. 1.4).
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Fig. 1.4 TheJPARCacceleratocomplex

The proton synchrotronproducesthis proton beamfastextractedin a single turn
andacceleratedip to 30 GeV againsta graphitetargetto producepionsandkaons.

In a cycle of the proton beam,thereis a chain (called spill) of 8 bunchesof the
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protons and the proton beam is transportedto the neutrino beamline with

conservinghespill structurethisis calledfastextraction(figure 1.5).

spillinterval . spill width
- . 1 spill —
'...M.*t' w# M
time
zoom 1 bunch bunch interval
bunch W|dth time

Figurel.5 Beamstructurefor the T2K experimentProtonsarecontainedn eachbunch.

The hadronsproducedin protoninteractionsin the targetare chargeselectedand
focussedby electromagnetihornsto the decaypipe to producemuonsthat then
decayto muonneutrinoswhich point towardKamioka:this is the primary neutrino
beamline.By switching the polarity of the magnetichorns the chargeof the
mesondocussedoy the hornsis alsoreversedtherebyallowing the productionof
a predominantlyneutrinoor antineutrinobeam.

The impinging protonsstimulatethe productionof mesonsin the targetthat are
then, in the secondaryneutrino beamline,charge selectedand focussedinto a
decayvolumeby magnetichorns.Survivinghadronsarestoppedn thebeamdump
and throughgoing muons are sampledby the muon monitor, which is usedto
provide pulseby-pulsemonitoringof the propertiesof the secondarypeam(Figure
1.6).
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(1) Preparation section
(2) Arc section

(3) Final focusing section
(4) Target station

(5) Decay volume

(6) Beam dump

Fig.1.6Schematic®f the primaryandsecondarypeamlineghatareinvolvedin the productionof the JPARC

neutrinobeam

As in all neutrino beamexperiments stable and well tuned beamoperationis
vitally importantto produceboth a high intensityandconsistenteutrinobeam.

The primary beamlineis equippedwith 96 separatenstrumentdor measuringhe
position, intensity, profile and loss of the beam. In particular, the current
transformers(CT) are 50-turn toroids around the beam pipe that are used to

measurehe intensityof thebeam(figure 1.7)

proton beam

ferromagnetic
core

50 turn

Figurel.7 lllustrationof the CT.
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The inducedcurrentin the CT is measuredvhen eachbunchpassegshroughthe
coil andis convertednto the numberof protonsin the spill. Thefinal CT, CT5,is
locatedjust before the protors reachthe target,and it is usedto determinethe
numberof protonson target(POT) delivered.The secondarpbeamlineconsistsof
the graphitetarget, three magnetichornsto focus the secondarypions, a decay
volume for the hadronsto decayinto neutriros and other particles,and a beam
dumpto absorbthe nonneutrinoproducts.The targetis a graphitecylinder,91.4
cmlong andwith 2.6 cm of diameter surroundedy a 2 mm thick graphitesleeve
anda 0.3 mm thick titanium casingandis cooledby helium gasflowing between
each layer. Protons interact within the graphite, creating large numbers of
secondarynesonsthe majority of which arepions.Thetargetsits within theinner
conductorof thefirst magnetichorn,which collectsthesemesongfig. 1.8).
Thesecondandthird hornsthenfocusthesemesongo producea mesorbeam.
Whilst the focussedmesonsare in the 96 m long decayvolume, most decayto

muonneutrinog(or antineutrinosyia thefollowing processes:

"+ > ut + 3
s o+,
K+ -> p+ +3p
Ki > p +7,
However,imperfecthorn focussingallows some contaminationand someof the
subsequentuonsalsodecayto producea small (anti)electromeutrino:this forms
a muon neutrino beam with a peak energy of approximately 600 MeV,
contaminatedvith additionalantineutrinosand electronneutrinc, which originate
from kaonand other pion parentsAll the hadronsand muonsbelow 5GeV/care
stoppedby the beamdumpplaced110 m downstreanfrom the target.Behindthe
beamdump,thereis a muonmonitor (MUMON) that monitorsthe directionof the
beamand providesa reattime measureof the beamdirection and intensityto an
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accuracyof 0.25 mrad and monitor the neutrinobeamintensity to a precisionof
3%.
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Fig 1.8 Neutrino}PARC beamlinefacility.

The integratednumberof neutrinoswhich passthroughboth the neardetector
ND280 and far detectorSuperKamiokandeis proportionalto the numberof
protonson target(POT). The generatecdbeampower can be expressedy the

statisticalmeasuraunit, POT,andbeamenergy:

(POT in Spill)x({Beam Energy)
Spill Period

BeamPower =

The sourceof neutrinoflux uncertaintieghat arerelatedto the beamdirection
andhorn currentscanbe determinedrom the beamlineand muonmonitoring
system.The expectatioris to deliver 7.8x1G* protonson targetin total for the

T2K dataphysicsamalysis. Therearetwo neardetectorINGRID onaxis and
ND280 off-axis) 280 metresfrom the start of the beamat JPARC, which is

usedto characteris¢he beamnearits origin.

The partly oscillated beamis finally detectedby the far water Cherenkov
detetor 6 S u-K a mi o k(&gard 196
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Fig. 1.9 A Thebeamandthedetectorsnvolvedin T2K experiment

1.4.3.bThe far detector Super-Kamiokande

The far detector, Supéfamiokande (SK), is located in the Kamioka
Observatory, and has been successfully taking data since 1996. The detector was
al so used as a far detector for the
land-based water Cherenkov detector; it is a 50,00% taater Cherenkov
detector located at a depth of 1,000 m (2,700 meters water equivalent) in the
Kamioka mine in Japan. During its four major running periods (SK | to SK IV)
SuperKamiokande contributed results in the field of flavor oscillations of
atmospleric, solar and acceleratproduced neutrinos, as well as setting the
world-leading limits on the proton lifetie

The primary strategy to measure the flavor composition of the T2K neutrino
beam at SK, and thereby observe the oscillatias) tf eitherse or 3yis to count
charged current quasiastic (CCQE) interactions for muon and electron
neutrinos, both of which produce leptons of their respective flavor.

The relativistic charged particles, produced in these neutrino interactions, travel
through tle detector with aspeed faster than the speedlight in water. The
thereby polarized water molecules rapidly turn back to their greteie and

emit Cherenkov lightwhich is detected by the ID PMTs.
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For boths, and3. CCQE signals the starting positiof the leptons is required

to be fully contained in the fiducial volume, whiis defined to be more than

2m away from the ID wall for a total fiducial.

The pulse hight and timing information of the PMTs are fittedeconstruct the
vertex, direction, energy, and particle identification of the Cherenkov rings. A
typical vertex, angular and energy resolution for 1 GeV muons is 30 cm, 3° and
3%, respectively. The typical ring shape, which is obtained from fully cwta
charged particles with an energy above the Cherenkov threshold, allows to infer
the vertex position and the momentum of the charged particles. A very good
discrimination between fuzzy electron like Cherenkov rings and sharp edged
rings from muons endds to separata. from 3, interactions. The fuzzy electron

like ring is due to the multiple scattering which is more likely to occur for
electrons than for muons because of the electron smaller mass and almost
always an electron induce electromagneticnsdrs at the energies relevant to
SK. A typical rejection factor to separate muons from electrons (or vice versa) is
about 100 for a single Cherenkov ring event at 1 GeV. The electrons and muons
are further separated by detecting decay electrons from tleeays. A typical
detection efficiency of decay electrons from stopping cosmic muons is roughly
8 0 %. A 4 coverage around the i°hter
detection. Interactions of neutrinos from th€®ARC accelerator are identified

by synchronizing the timing between the beam extraction time at the accelerator
and the trigger time at Supamiokande using the Global Positioning System

( GPS) . A ¢ is aefined, twhich @ Tthe timing between the beam

extraction time at the adegator and the trigger time at SK.
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Chapter 2

SuperKamiokandeis locatedinside the Kamioka mines(in the Alpine chain
overlookingthe Japanes&ea),it is madeof 50 ktonsof ultra-purewaterandit

allows the measuremenobf muons, electrons and pions producedin the
interactionsof neutrinoswith the wateritself, all of this usingthe Cherenkov
effect.

The SuperKamiokande(SK) detectoris sensitivenot only to the interactions
of neutrinoscoming from JPARC, but also to thosegeneratedor example
inside the sun and/orby SuperNovaeln particular,with a thresholdsetnear
3.5 MeV, SK is currently the largestand most sensitiveobservatoryto these

phenomena.

2.1 History and construction of Super-
Kamiokande detector

The SuperKamiokande Collaboration was organized as a JapaiiUS
collaborationin 1992 but the detectorwasoriginally proposedoy M. Koshiba
andthe KamiokandeCollaborationin 1984.

Sincethe startof operationsn 1996,SuperKamiokandehasgonethroughfour

datatakingperiods,SK-I, -1I, -lll, andi IV(Tab. 2.1)
SK-1 _ SK-1I SK-I11 SK-IV
Observation Start Apr. 1996 Oct. 2002 Jun. 2006 Sep. 2008
End  Jul. 2001 Oct. 2005 Aug. 2008 May 2018
Live time (days) 1489.2 798.6 518.1 3509.6
Number of PMTs ID 11146 5182 11129 11129
OD 1885 1885 1885 1885
Photo Coverage 40% 19% 40% 40%
FRP & Acrylic Case No Yes Yes Yes
Electronics ID ATM ATM ATM QBEE
OD ODQTC ODQTC ODQTC QBEE
Trigger Hardware Hardware Hardware Software
Table2.1 SK epochs

31



The differencesbetweenthe detectorsetupsfrom different epochsmust be
takeninto accountwhen analyzing data, developingalgorithmsor building
Monte Carlo (MC) samples.Generallyspeaking,the extensionof procedure
successfullyvalidatedfor one epochto dataor simulatedsamplesrelatedto
anotherepochis not a trivial subject,it may require modicationsand it must
passadditionalvalidationin orderto beaccepted.

Thoughthe basicconfigurationthe detectoris similar acrossthe phaseghere
are a few importantdifferences At the startof the SK-IV periodin 2008the
front-endelectronicsvereupgradedo a systemwith an ASIC basedon ahigh-
speedchargeto-time converer [28]. The new systemallows for the lossless
dataacquisitionof all PMT hits abovethresholdand hasimprovedthe tagging
efficiencyof delayedMichel electrondrom muondecayfrom 73%in SK-III to
88%. Further,following a period of detectormainteranceand upgradesat the
endof SK-I (19962001),the implosionof a single PMT at the bottomof the
detectoron Novemberl2, 2001, createda shockwave and chainreactionthat
wenton to destroy6,6651D and1,0270D PMTs. The detectorwasrebuilt the
following yearwith nearlyhalf of the photocathode&overagg19%)in the ID
(5,137 PMTs) and the full complementof OD PMTs for the SK-1I period
(2002 2005). Since that time all ID PMTs have been encasedin fiber-
reinforced plastic shellswith 1.0 cm thick acrylic coversto preventfurther
chainreactions.This resultedin an increasedhresholdof 7.0 MeV in SK-II
comparedto 5.0 MeV in SK-I. In 2006 the detectorunderwenta second
upgraden which the remaininglD PMTswerereplacedandadditionaloptical
barrierswere addedto the top and bottom portions of the OD to improve
separationwith its barrelregion. Both SK-IIl (20062008) and SK-IVV (2008
present)vereoperatedvith thefull 40%photocathodeoveragen thelD.

The SuperKamiokandedetector(SK) hasbeensuccesfully taking datasince
1996[28.
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T2K usesthe SuperKamiokandedetectorasits far detector,which is situated
295 km from JJPARC in a zinc mine 1 km undergroundg¢loseto the town of

Kamiokain the prefectureof Gifu, Japan.lt is part of the Kamioka neutrino
observatorywhich is operatedby the Institute for Cosmic Ray Research
(ICRR) of the University of Tokyo.

The neutrinosreaching SK are from many sources:the core of the sun;

producedby cosmicraysin the atmospheregreatedin acceleratorand from

astrophysicasourcesuchassupernovaeSolarneutrinoshavelow energiesn

theorderof afew MeV. While atmosphericmeutrinosarrive at the SK sitefrom

the atmospheresurroundingthe entire globe and havean energyrangefrom a

couple of MeV to multiple TeV. SK has beenthe Far Detectorof the first

neutrino beamlineexperiment KEK-to-Kamioka (K2K) [29] which produced
acceleratomeutrinosby the collision of accelerategrotonson a targetand
focusing the interaction and decay products that include neutrinos. SK is

currentlyactingasthe Far Detectorof the neutrinobeamlineexperimentl okar

to-Kamioka (T2K) [30], the successoto K2K and offering a higherintensity

andpreciseneutino beam.

2.1.1 Detector Overview

The detectorconsistsof a cylindrical stainlesssteeltank (41.4 m in hight and
39.3m in diameter) holding 50 kt of ultra-purewater,andthe photomultiplier
tubes(PMTSs) lining the tank interior detectthe Cherenkowvradiationwhich is
producedby chargedparticleswhich propagatan the water (figure 2.1). The
primary purpose®f the detectorare nucleondecaysearchesandthe detection
of neutrinosfrom varioussourcessolarneutrinos astrophysicaheutrinossuch
as the onesfrom supernovaeatmosphericmeutrinosand acceleratoneutrinos
in long-baselineneutrinooscillationexperimentsuchask2K andT2K.
Therearetwo concentriccylindersinsidethe tank; the inner detector(ID) and
the outerdetector(OD). The ID is a main detectorwhich contains32 kton of
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water with 36.2 m in heightand 33.8 m in diameter,whereasthe OD is a
cosmic ray muon veto detectorwhich coversthe region surroundingthe ID
with the thicknessof about2 m. Both detectorsare optically separatedoy
opaquematerialstwo layersof polyethylengerephthalatsheetsreferredto as
A b | sheeks’'mountedon eachsideof thestructurethatholdsthe PMTSs.

The OD is alsousedto preventbackground$rom the surroundingock suchas
neutronsandgammarays.

The combination of the ID and OD allow SuperKamiokande (SK) to
determinewhich interactionverticesoriginate from within the detector,and

which aredueto particlesandradiationenteringfrom outsidethe detector.
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Fig. 2.1 ND280The SuperKamiokandedetector.

The ID currently housesalong its inner walls 11,129 inward-facing 50 cm
diameterPMTs: eachPMT hasa 70.7 cm grid spacingfor a 40% cathode
surfacecoveragewhile the OD containsalongits inner walls 1,885 outward
facing 20 cm diametePMTs. Wavelengthshifter platesareattachedo the OD
PMTs as it was done in the IMB experiment[31]. This increasestheir
collection efficiency by abouta factor of 1.5 but the wavelengthshifter plates
also broadenthe timing resolutionof the OD PMT by about2 ns. This is a
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reasonableoprice to pay for the gain in collection efficiency since the main
purposeof the OD is to actasavetocounter.
All the PMTs are mountedon the samestainlesssteelstructureandthe inner

PMTsarefacinginwardsandthe outerPMTs outwads (figure 2.2).

| ; T}'Vei ILL‘/ Top Module

Bottom Module e

Fig. 2.2 Detailsof the stainlesssteelstructure andmountingof the PMT

EachPMT in the ID and OD is connectedvia a single cableto high voltage
suppliesand signal processingelectronics:the cablesend in four electronic
huts built on the upper tank cover, which are accessibleduring normal
operationof thedetectorvia a tunnelfrom the controlroom. Thesehuts contain
electronicracks and front-end acquisition electronicsand must be routinely
checkedfor malfunctionsat least once a day by the operatorstaking the
morningshift in themine.

Anotherhut on the top of thetankis theiln C e nHut", & kontainselectronics

for triggering, housekeepingand Global Positioning System (GPS) time
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synchronizatiorsystems.The trigger rateis checkedduring the morning shift
andreportedon a blackboardn the controlroomfor monitoringpurposes.

An eventproducedin the ID is taggedas Fully Contained(FC) if it doesn't
trigger a significantresponsendicatingenteringor exiting chargedparticlesin
the OD. Eventstriggering sucha responsean the OD are taggedas Partially
Contained(PC). The official Fiducial Volume (FV) is definedasa cylindrical
volume with surface2 metersinwardsfrom the ID PMT plane.The fiducial
massis 22.5ktons,correspondingo 7.5x 10° protons.
SuperKamiokandecandetectevensin arangefrom 4:5MeVtoupto 1TeVin
energy A LINear ACcelerator(LINAC) is availablein thedomefor calibration
purposes.

The cablesthat connectthe PMTs to the electronichutslocatedon the top of
the detectorpassthrough12 cableholes.Four of thesetwelve holesareabove
thelD andwould preventCherenkouight from beingseenn the OD.
Sincethe PMTs are sensitiveto magneticfields, 26 Helmholtz coils line the

wall of thetankandreducethegeomagnetidield to ~50mG.

2.2 A Water Cherenkov Detector

SuperKamiokande is able to make physical measurementgprimarily by

observing Cherenkov radiation using PMTs: Cherenkov radiation is an

electrodynamigohenomenorwhich is analogoudo the sonic boom produced
by anobjecttravelling fasterthanthe speedf sound.

When an electremagneticallychargedparticle travelsfasterthanthe speedof

light in agivenmedium,a coneof Cherenkouight is emitted(Figure2.3):

C
v =—
n

wherev is the velocity of the chargedparticle,c is the velocity of light, andn
is theindexof refractionof the medium.
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This phenomenoims namedi C h e r effedt"@andthelight emittedis known
asi Ch e r eadidtianV

The Cherenkowonehasits openinganglet ¢ which satisfies,

cost, = —
npg

In the caseof water,wheren = 1,34in the visible range,«c is 42° for highly

relativisticparticleswith b ~ 1 .

Figure2.3: A schematidrawingof Cherenkowadiation.

The momentumthresholdfor the Cherenkovradiation is derived from the
condition of b > 1/n and table 3.1 summarizegshe Cherenkovthresholdfor

variouschargedparticlesin water.

€ i ™ p

Momentum (MeV/e) 0.57 118 156 1052

Table3.2 Momentumthresholdof the Cherenkowadiationin waterfor various
chargedparticlesassumingn = 1.34.
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The numberof Cherenkovphotons,N, emitted as a double derivative with

respecto thewavelength< andchargedoarticletrajectory X, is givenby:

d*N 3 2
dxdi A2

(1 )

_nzﬁz

whereUis thefine structureconstantFor the wavelengthbetweer300nm and
600 nm, 340 photonsareemittedper unit cm by the particlewith b ~ 1water.
In SuperKamiokande peutrinosaredetectedvhentheyinteractwith the water
andproducechargedparticlesabovethe Cherenkovthreshold,andthe coneof
light emittedby a chargedparticle is observedas a ring by the PMTs on the
detectorwall. For eacheventthetime of thefirst photonarrival aswell asthe
integratedchargeat eachPMT is recordedandfrom thatinformationthe type
andthe kinematicsof the particlesareinferred.

In the SuperKamiokandedetector,if an eventis fully containedinside the
innerdetectora Cherenkowoneappearsasit canbeseenin Fig. 2.4. The axis
of the conecorrepondsto the direction of the particle,and by measuringhe
numberof photoelectronsletectedn the photomultipliertubes(PMTs),we are

ableto reconstructhe energyof the particle.

Figure2.4: Examplea Cherenkowing createdby a 1 GeV muonin the SuperKamiokandedetector
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In this fashion, SK can detect various charged particles and reconstruct
physicalvariablesby the analysisof Cherenkowings. Electronsor high energy
gammarayscreatefuzzy rings( fi s h o sineethéy)produceelectromagnetic
showerandaredeflectedby the multiple scatteringwhereasmuonsor charged
pions create sharper rings ( i rsomo w esinae they do not produce
electromagnetichower.Not only the particle type, the kinematicsof particle
such as the vertex, direction and momentumare determinedby using the
Cherenkovlight arrival time and its amountreceivedat eachPMT: when a
muon neutrino interactsit producesa single muon, which then produces
concentricrings of photonsasit travelsthroughthe water, producinga clear
A s h aringppatternon the wall of SuperKamiokande.An electronneutrino
interaction, on the other hand, producesan electron which subsequently
showersto produce more electrons,all of which then produce Cherenkov
showerswhich overlapto prodwce a fuzzy ring onthe wall of thedetector.This

processs shownin Figure2.5.

“fuzzy”
Cerenkov
ring

___electron neutrino

creates a single electron,
which then creates a shower of electrons

clear
cerenkov
ring

.
X

Y

Fig. 2.5 a: Cherenkouight produceddy anelectronneutrino(white) andby a muonneutrino(red)
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Fig. 2.5 b Thering ontheleft hasa fuzzy ring madeby anelectron.
Thering patternon theright wascreatedby a muonneutrino.

2.3 Water and Air Purification

The purify of thewateris crucialfor this experimentasCherenkouight needs
to travel tensof metresin the detectorwater beforereachingthe PMTs to be
detectedi t nécessarghightransparencyf thewater.

So, the original sourceof the SuperKamiokandewater, spring water in the
mine, is highly purified by the water systemcirculating at a rate of about30
tons/hourto maintain high water transpaency and to remove radioactive
isotopessuchas Radon(Rn) and Radium(Ra). Suchisotopesare significant
backgroundsfor low energy analyses,in particular for the study of solar
neutrinos.

The waterpurification systemmainly consistsof severalfilters, a UV sterilizer
and two degasifiersin orderto removeparticleslargerthan0.2 € mbacteria
andradondissolvedin water,respectively(figure 2.6). The watertemperature
is controlledat around13°C by heatexchangersn orderto reducePMT dark
noiseandsuppresdacteriagrowth. The resistivity of the waterflowing out of
the detectorfor purificationis aboutll1 M q L candaveragesit18.20Mq L. ¢ m
after purification, approachinghe chemicallimit. The light attenuatiorength
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