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Abstract. A brief introductionto the phenomenaf vacuumneutrino oscillationsand resonant
flavour corversionis presenteavith aheary pedagogideaning.Variantsof theseidease.g.,neutrino
helicity flip in amagnetidield, violation of theequivalenceprinciple,etc. areoutlined. A few vexing
issuegertainingto thequantummechanic®f neutrinooscillationsarediscussedExpectationgrom
someof the future experimentsaresummarized.
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1. Introduction

Therecentannouncemertty the superKamiokandecollaborationof evidenceof neutrino
oscillationsin their atmospherimeutrinodatahasaddeda new impetusto the attemptgo
unravel the mysteriesof neutrinomassandits manifoldimpactin particlephysics,astro-
physics,andcosmology Several of the previous spealersat this discussiormeetinghave
toucheduponthe ideasof neutrinomassand oscillationswhich makesmy job a lot eas-
ier. Beforeembarkingon the presentationanapologyis duefor thelack of adequatend
up-to-datereferencing.Fortunately muchof the detailsandcurrentdevelopmentanbe
tracedontheinternet[1].

2. Ocillationsin vacuum

Theideaof neutrinooscillations[2] is rootedin quantummechanics.Thetime evolution
of astationarystate|ty,) (in unitssuchthath = ¢ = 1) is:

[Vr(t)) = [vr) exp (—i Ext), 1)

whereE}, istheenegy eigervaluecorrespondingo |+, ). Thus,thestationarystatevectors
at different times differ simply by an overall phasechange. The time evolution of an
arbitrary i.e., non-stationarystate |1}, is morecomplicated For sucha statewe canwrite
att = 0:
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[9(0) = ar v, ©)

k
whereqy, areconstantssingeq. (1) onefinds:

(1)) = ax [vx) exp (—iExt). 3
k
For neutrinosthe basicassumptions thatthe familiar electronandmuonneutrinos(v,
andv,) — which areoften termedflavour eigenstates- are not the masseigenstategi.e.,
thestationarystatesy; andus, but their superpositions:

ve) =) ¢ + ) s;  |wu) = —[1) s + ) c (4)

wherec = cosf ands = sin§. For two flavoursa singleangle,d, suficesto completely
specifyonebasisin termsof the other Considemow the statevectorof a v, producedat
t = 0. Thus,initially |¢(0)) = |¢.,) = |1} + s|i2). If the stationarystatesy) and
|12} correspondo enegies E; and E,, respectiely, thenat a later time the statevector
will be:

[¥(8)) = clihr) exp(—iErt) + s|ipa) exp(—iEat). (5)

Theprobability, P(v,0;v,,t), of thestate|y(t)) (originatingasav, att = 0) appearing
asawv, is (¢, |1(t))|* andcanbeexpresseds:

P(ve,0;v,,t) = ¢*s?| — exp(—iErt) + exp(—iEst)|. (6)

Theneutrinosareexpectedo have smallmassesn;, andarein theultra-relatvistic regime
(E; ~ p+ m?/2p) wherep (> m;) is the magnitudeof the neutrinomomentum.in this
situation:

2

Am . 9 . o (T
1 t) = sin” 20sin (T), @)

P(ve,0;v,,t) = 4c®s? sin® <

whereAm? = m3 — m? and

4

- ALT;; 8)
is theso-calledoscillationlength In theright handsideof eq. (7) thefirst factoris aconse-
guenceof the ‘mixing’ while the secondractorleadsto the ‘oscillatory’ behaiour. In the
vacuumoscillationcasethefirst factor dependenbnthe mixing angleé, is aconstanbut
in the Mikheyev—Smirnov—\Wolfenstein(MSW) mattereffect, discussedext, it changes
with the matterdensity

Fromeq.(7)

P(ve,0;ve,t) = 1 — P(ve,0;1,,t) = 1 — sin? 20 sin? (%) . (9)

It is seerfrom theabovethat P(v,, 0; v., t) canbelessthanor equalto unity. Theessential
ingredientdor this aretwofold:

1. Theneutrinosmustbe massve andnon-deyenerate.
2. The masseigenstatesf the neutrinos- vy, v, —mustbe differentfrom the flavour
eigenstates v, v,,.
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Neutrinooscillations
3. Variants
3.1 Matter effects

Of the variantsof this basicthemeof neutrinoflavour changethe mostprominentis the
Mikheyev—Smirnov—\Wolfenstein (MSW) [3] matterinducedresonanteffect. The mass
squarematrix for the two-neutrinosystemin theflavour basisis:

9 m2 +m2 1/ —Am?cos20y Am?sin26y

My = ( 2 > I 2 ( Am?Zsin20y  Am? cos 26y ) , (10)

wherel standgor the2 x 2 identity matrix. It is easyto checkthatM;% is diagonalized
by the orthogonalmatrix characterizedy the neutrinomixing angle— denotedhereby

v . Theaveragemasssquared(m? + m3)/2, playsno role in our discussiorof neutrino
oscillations;only thedifferencein mas$, Am?, andthemixing angle ¢y, areof relevance
here.

The MSW effect originatesfrom the additionalinteractionsof a neutrinoin a medium
which resultin avarying massakin to the effective massof anelectronmoving in a solid.
The mostwell-known applicationof the MSW mechanismhasbeento the caseof solar
neutrinosvherethev,, producedn theinterior by fusionreactionspn theirway out must
passhroughdenseaegionsof thesun.Both chagedandneutralweakinteractionswith the
materialcancontribute to the effective mass.However, sincethe solarneutrinostypically
carryanenegy of afew MeV while the muon's massis ~ 105MeV, the chagedcurrent
interactionfor thev, —i.e.,v, + e~ — v, + p~ —is kinematicallyforbidden.Theupshot
of thisis thatthroughneutralcurrentinteractions, andv,, receize the samecontributions
to the massterms— addingto theirrelevantterm proportionalto the identity in eq. (10)—
while the chagedcurrentcontributesonly to v.. As a consequencen placeof eq. (10)
we now have:

2 2

1 (—Am2 cos 20y + 28,  Am?sin 26y ) (11)

+ 2 Am? sin 260y Am? cos 20y

with dec = 2v/2G pn.(r)E, wheren, (r), thenumberdensityof electronsjs a functionof
thedistancdrom thesolarcentre. Themixing angleobtainedfrom (11)is:

1 Am?sin 20y
= . 12
0 2 arctan (Am2 cos 20y — 6cc> (12)

It is importantto bearin mind thatboth andthe oscillationlength A arenow functionsof
theenenpy.

Two casesaredistinguished:

(A) Theadiabaticcase If

a1
01 13
ar < (13)
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i.e.,thechangdn the mixing angleis smallover oneoscillationlength,thenthe usualadi-
abaticapproximationof quantummechanicss valid: an eigenstateadjustsasthe Hamil-
tonianchangegradually If anelectronneutrinois producedn aregion of the sunwhere
themixing angleis 8 andlaterdetectedn earth(mixing angledy ) then

2
P(Vea 0; ve, t) = Z |(Vel(Vi)earth)<(yi)sunlye>|2
i=1
= [1 + cos 20y cos 26] /2. (14)

Interferencetermsaverageout to zero onceintegrationsover the productionregion (the
sizeof thesun)andthedetectorsizeareperformed.
(B) Thenon-adiabaticcase Here

— > < (15)

Thisis asituationwherethechangen themixing angleis veryrapidandthereis a‘jumping
probability’ from oneeigenstatéo another(v; < v»). A resonancgointis definedfrom
eq.(12) by .. = Am? cos 20y . In termsof thenumberdensityof electronsatresonance,
(ne)res, thejumpingprobability, X, canbewritten as:

7w Am?2 sin? 26y 1
4 E cos2fy |d1nne

dar |res

X =exp|— (16)

Strictly speakingtheabove expressioris valid whenthe numberdensityn,. varieslinearly
with r nearthe resonanceoint. In the non-adiabaticasethe electronneutrinosurvival
probability (seeeq. (14)) is:

P(v,,0;v,,t) = [1 + (1 — 2X) cos 20y cos 26] /2. 17)

3.2 Neutrinohelicity flip in a magneticfield

Theprecessiomnf the spinof the neutrinoin anambient(e.g.,solar)magnetidield [4] can
alsodepletethe signalsinceit cantransforma left-handedheutrinoto a right-handedne
andthe latter— not a participantin the weakinteractions- will escapehe detector This
possibility canbeillustratedthroughthe v, — vrg masssquarematrix:

2 2
o (m} +m} 4E ( Apr/AE uB
My = ( 2 )I T uB  —Awr/AE )’ (18)

whereArgr = mi —m}, while B andy arethemagnitude®f theexternalmagnetidield
andthe neutrinomagneticmoment. The oscillation parametergollowing from eq. (18)

are:
Arr 2 22
T B
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Neutrinooscillations

Notice thatvy, oscillatesto vg throughthis mechanism.Variantsof this basicideahave

considerednattereffectsin conjunctionwith spinprecession(v, )1, <+ (v,)r oscillations
mediatedby transitionmagneticmomentsetc. The magnitudeof the magneticmoment
required(u ~ 10~ 1%u3z) for the effect to be significantfor typical solarneutrinoener

giesis ratherhigh and muchingenuity was called for in building modelssatisfying, at
the sametime, the tight constraintdfrom the smallnesof the neutrinomass. The early
Homestak solarneutrinodatacouldbeinterpretecassignalingananticorrelatiorwith the
solarmagneticactivity, whichfits in well with this picture. However, the statisticsvasnot
compellingto startwith and,further, the Kamiokanderesultsdo not supportit.

3.3 Molation of the equivalenceprinciple

Another mechanismwhich canleadto neutrinooscillationsis throughviolation of the
equivalenceprinciple [5]. Assumethat the neutrino stateswith a diagonalcoupling to
gravity, v; andv,y, aresuperpositionsf the statesof definiteflavour:

[1) = |ve) cosba + |v,) sinbg;  |v2) = —|ve) sinfg + |v,) cosbg.
(20)
In thev, — w9 basis
Elg(r)| f1 0 )
H = . 21
( 0" Elg()Ifz @)

Here|¢(r)| is the NewtoniangravitationalpotentialandA f = f; — f» is ameasuref the
violation of theequialenceprinciple. Fromeqs(20), (21)it is straightforwardto obtainthe
time evolution of a v, andonefindsthatthe factor Am?/2E appearingn the expression
for the vacuumoscillationprobability getsreplacedy 2E|¢(r)|A f. Thekey pointis the
consequendifferentenegy dependencef the oscillationprobability. Experimentadata
canbeusedto settight constrainton 8g andA ¢ [6].

3.4 Threegenertions

TheLEP resultthattherearethreelight neutrinoss alsosupportedy therequirementsf
nucleosynthesim theearlyuniverse.ln arealisticthree-flacour framework it is important
to perform a combinedanalysisto find the allowed rangeof parameters.In particular
this might uncover regionsin the parameteispacesensitve to the presenceof the third
generatiorwhich cannotbe probedin thetwo-flavour limit.

The generakxpressiorfor the probabilitythataninitial v, of enegy E getscorverted
to avg aftertravelling adistanceL in vacuumis

L
Pyayﬁ = 6aﬂ - 4 EJ)z UaiUﬂanjUﬁj Sil’l2 (—;) . (22)
1]

where);; = 2.47m(E,/MeV)(eV?/Ai;), Aij = m;2 — m;2. Theactualformsof the
varioussurvival andtransitionprobabilitiesdependon the spectrumof A;; assumedand

Pramana—J. Phys.,Vol. 54, No. 1, January 2000 39



AmitavaRaydhaudhuri

the choiceof the mixing matrix U relatingthe flavour eigenstateto the masseigenstates.
Assumingno CP-violationin this sector U canbe parametrizedn termsof threemixing
angledq7].

3.5 Sterileneutrinos

In mary extensionsof the standardmodelthereare additionalneutrinos,singletsunder
the electraveakgaugegroup,immuneto the usualstrong,weakand electromagnetiin-

teractions.Mixing of suchsterile neutrinoswith the sequentiabneshasalsobeenwidely

examined. In radiochemicakolar neutrinoexperimentsthe sterile neutrinos just asthe
v, or v;, will not be detected.In Cerenlov detectorsboth chagedandneutralweakin-

teractionsof neutrinoscontribute. The v, contributesthroughboth, the v, only through
the latterwhile sterileneutrinosdo notinteractatall. Sterileneutrinoshave beenof more
interestof late sincethe solar neutrinoresults,the atmospherimeutrinoanomalyandthe
LSND results,if interpretedn termsof neutrinooscillationsrequirevery different Am?2.

This necessitatefour nondeyenerateeutrinostateq8]. Sincethe LEP datadoesnot per

mit morethanthreegeneration®f sequentialight neutrinosthefourth statein this picture
is usuallychoserto be sterile.

4. Mattersof principle

New experimentalresultssupportve of neutrinooscillationshave alsoencouraged re-
newed interestin a closeranalysisof mattersof principle, often overlooked, pertainingto
thisissue.Someof theseare:

1. Theevolution of masseigenstates spaceandtime dictatedby quantummechanics
is summarizedy theequation

wi(Z, 1)) = |14(0,0)) eiPi- ~Fi0), (23)
wheretheeneny, E;, andmomentumﬁ, arerelatedby
2 P
E =p; +m?. (24)

Two alternatvesoftenappeatin theliteratureregardingthe enegy andmomenteof
the two masseigenstateproducedn a process.Indicatingby p; the magnitudeof

pi, theseare:

(8) Choosep; = p, = pimplying AE = By — By = (m? — m3)/2p,
(b) ChooseE; = E, = E implying Ap = p; — ps = (m? —m3)/2E.

(a) and(b) yield the samephysicsresults.Nonethelesst needgo be decidedwhich
of theseis the properoneto use. In view of the fact that the uncertaintyof the
productionpointin all casesof interest,asdetermineddy the size of the source|is
muchsmallerthanthe oscillationwavelength the momentununcertaintypermitted
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by quantummechanicganbelargerthanthe momentunsplitting consideredn (b).
On the otherhand,the uncertaintyin the time of emissionis lessclearcut andcan
belarge. Accordingto this line of thinking, it is preferableto choosethe two states
to have the sameenepy - i.e., alternatve (b) — ratherthanthe samemomentum-
alternatve (a).

. In discussion®f neutrinooscillations the masseigenstateareassumedo beultra-
relatiistic. Whatif thisis notthecaseWhatif oneof the statess ultra-relatvistic
andthe otheris not? In the latter case,coherencevill belostrapidly but effectsof
mixing would still shav up (seebelow).

. In the standardanalysisof neutrinooscillationsit is assumedhat thoughthe two
masseigenstatepropagatalifferently, theinitial coherencédetweerthe statess re-
tainedwhenthey aredetectedat a distantdetector Is this assumptiortruly valid in
all cases?Obviously, coherencewill beretainedover shortdistancesomparedo
the lengthscaleof the problem,namely the oscillationlength. The assumptiors
guestionabldor traversaldistancedarge comparedo the oscillationlengthwhen
dueto the differentmasse®f the two eigenstatesndthe consequentlifferentve-
locitiesthetwo will begin to separateTo addresshis questionnotethatin theusual
analysisoneuses

P(ve,0;v,,t) = |(vu|v1) cosfe 1t 4 (v, |vs) sin fe 2212
(Ey — Eb)t
2

= sin? 26 sin” % (25)

= cos? fsin? 6 4 sin?

Ontheotherhand,if thetwo masseigenstatearenolongercoherenthenthe prob-
abilities mustbe summednottheamplitudesandonehas

P(Vea();’ju:t) =

(vu|v1) cos @e = E12 4 (1, |v) sin fe~¢F2t|2
cos® fsin” @

sin? 26. (26)

N = BN

Now, in the L > A limit, in the usualformulation, (eq. (25)), the averageof the
lengthdependentactor(= 1/2) is usedandthis givesthe sameresultasthe inco-
herentcase(eq. (26)).

. Moving sourcesand detectos. In mostsituationsconsideredtherearetwo length
scalesnvolved,viz. theoscillationlength\ andthedistancefrom the sourceto the
detectorL. In thismeetingijt hasbeenstressedO] thatin situationsvherethesource
and/orthe detectoiis not atrest,thedistancdraveledby themis a third one.Sofar,

sucha situationobtainsonly for the LSND experiment. Eventhere,the 7, — 7.

oscillationusesy™ decaysat rest(DAR) andit is only for thev, — v, oscillations
studiedusing decaysin flight (DIF) that the questionis pertinent. However, it is

easyto ascertairthatthethird distancepamely theuncertaintyin the point of origin

dueto the decayposition, is small comparedo the oscillationlengthevenin this
case Nonethelesghisis a questiorof principlewhich doesnotappeato have been
satisactorily lookedinto.
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5. Future experiments

Beforeembarkingon a discussiorof someof the upcomingexperimentsjet uslook back
in history andrecall that therewas a claimedevidenceof neutrinooscillationin a reac-
tor experimentasearly asin 1980[10]. In this experimentz, from a 2000MW reactor
weredetectedat distanceof 6m and11.2m throughCC andNC scatteringoff deuterons
in heary wateraswell asvia inversebetadecay In a two flavour analysis,the results
indicateda preferredrangeof 0.5 < sin?# < 0.8 and0.7eV? < Am? < 1eV?. Un-
fortunately the statisticswasnot compellingandthis region of parametespacehasbeen
ruled out by the morerecentresultsfrom Bugey. The messagehatcomesthroughis that
neutrinoexperimentsarenotoriouslydifficult andconfirmationof everyresultby asecond
independenéxperimentis amust.

Therearemary experimentdeingpreparedo testdifferentrangesf neutrinomassand
mixing in thefuture. We now briefly list someof them.

1. SuperKamiokande SuperKamiokandeis, of course runningandhasalreadypre-
sentedresultsof greatimportance.More high statisticsresultsare eagerlyawaited
from it for boththe atmospheri@ndsolarneutrinos.This is expectedto throw light
onissuedike (a) Seasonabariationsof the solarneutrinoflux indicative of thevac-
uum oscillationsolution, (b) day—nighteffect of solarneutrinoswhich will enable
a distinction betweerthe large and small angleMSW solutions,(c) spectralshape
deformationof solar neutrinosas a normalizationindependentheckon neutrino
oscillations,etc. It will alsosene asa telescopor neutrinosfrom a supernea
explosion.

2. Sudlury NeutrinoObservatory(SNO) This experimentwill usel kton of DO sur
roundedby 7.3 ktonsof ordinarywater Neutrinoswill be detectedby: (a) CC dis-
integrationv, + d — e~ + p + p throughthe Cerenlov radiationfrom the electron,
(b) NC disintegrationv + d — v + n + p to be detecteccalorimetricallyby the
emissionon neutroncaptureand(c) CC andNC scattering/ + e~ — v + e~ again
via Cerenlov radiation.Only the v, contributeto the CC reactionswhile sequential
neutrinosof all threeflavours contribute with equalstrengthto the NC reactions.
Basedon the standardsolarmodel, the expectedcountratesper yearfor thesere-
actionsare 9,750,2,800,and1,100respectrely. The neutrinothresholdenegy at
SNOshouldbeabout5 MeV.

3. Borexino: This experimentbeingsetup at the Gran Sassdaboratorywill look for
solarneutrinosusing100tonsof ultrapureliquid scintillator. It will detectaneutrino
eventusingtherecoil electronin v — e scatteringwith a thresholdelection enegy
aslow as0.25MeV. It hasa real time sensitvity to ”Be neutrinos(the 0.86 MeV
line which hasabout90% of the emission)from the sun. This is of specialimpor-
tancesince(a) theexisting experimentaresultsseento indicateanalmostcomplete
suppressionf Be neutrinosand(b) all theearlierexperimentssensitve to theseneu-
trinoswereradiochemicaln nature.Basedon the flux predictionsof the SSM, 50
eventsper day are expectedat Borexino. The scintillation baseddetectionof this
experimentdoesnot provide directionalinformation.

4. ICARUS: This 600ton liquid argon detectoris alsobeingsetup at the Gran Sasso
laboratory It hasaneutrinoenepgy thresholdf 4-5MeV andwill hencebesensitve
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only to 8B neutrinosfrom the sun. It will detectneutrinosvia (a) the scattered
electronin v — e scatteringwhich proceedghroughboth CC andNC interactions
and(b) the deecitationof °K* producedn thereactionv, + °Ar — 40K* +e~.
The groundstateof “°K has.J™ = 4~; hencethe deecitation occursthroughthe
emissionof several gammas. The eventsof type (a) and (b) are distinguishedby
their angulardistributions— (a) is directedalongthe v directionwhile (b) is more
isotropic—andmultiplicity — (b) hasseveralgammasDetectionof solarneutrinosas
well asmeasuremertf theatmospherimeutrinoratio (# (v, + 7))/ (# Ve + 7))
is ervisaged.

Furtherin the future (Future?) thereareplansfor a 5 kton detectoralongsimilar
lines. Anotherpossibilityis to add5% of CD, (deuteratednethaneandlook for the
CCreactiornv, +d — e~ +p-+p. Theelectronwill beisolatedwhile thetwo protons
will produceintenseionizationat the vertex. A third planis to usethefacility asa
long baselinedetectorfor the NGS (Neutrinoto GranSassopeamfrom CERN.

. Homestak iodine experiment This is the new setupbeingplannedat Homestak
to replacethe chlorineexperimentandusesthe samebasicradiochemicaprinciple
with the reactionv, + 1271 — 27Xe + e~. The'?”Xe decaysby electroncapture
with a half-life of 36.4days. Theinitial programmes to setup a 100ton detector
whichwill eventuallybeincreasedo 1 kton.

. Gallium NeutrinoObservatory(GNOY) This is the upgradedGALLEX experiment
whichwill have 30,60, and100tonsof galliumin stages.

. Longbaselineexperiments The atmosphericeutrinoexperimentsseemto indicate
the occurrenceof v, < v, or v, v, oscillationswith amas$ splitting around
10~2—102 eV2. Sinceacceleratorprovide v, beamof higherenegy, in orderto
probethis favouredmassdifferencerangeusingtheseneutrinosonemusthave long
baseline®f severalhundredsof kilometres. A numberof suchexperimentsarein
theplanningstages:

e K2K: Amongthe long baselineacceleratoexperimentsthe onethatis in the
mostadwancedstageis K2K usinga neutrinobeamoriginatingfrom KEK and
detectedat superKamiokande- a baselineof 250 km. The neutrinoswill be
producedby delivering a 12 GeV proton beamon target producinga mean
beamenepy of 1.4GeV. Thev, contaminatioris expectedto beabout1%. A
fourteen-foldncreasen theneutrinoflux is achiezedby focusingthepositively
chaged particlesat the target by a toroidal magneticfield. The experiment
plansto look for an excessof v, asalsoa distortionof the v, spectrumby
comparingwith aneardetector With thelimited enegy of thebeamy,, < v,
oscillationscan be searchedor only in the disappearancenode. Thereare
future plansof using50 GeV protonsto producea neutrinobeamof higher
enegy whenv, < v, will belookedfor usingthe appearancef rsin the
final state.

e CERNto Gran Sasso The Gran Sassdaboratorywith its rock shieldingis
ideal for neutrinoexperiments.lt is plannedto have a neutrinobeamto Gran
SassdNGS)from CERNwhichwill correspondo abaselineof 740km. Sev-
eral experimentsare planningto take advantageof this beam. They include
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thelCARUS facility discusseaarlier Anotheris the NeutrinoOscillationEx-
periment(NOE) which plansto use6.7 ktonsof scintillating fibre. They plan
to look for v, <+ v, oscillationsby searchingfor = decaysandv,, < v,
oscillationsby measuringary excessof electrons. Disappearancef v, due
to oscillationswill be gaugedrom a measuremenf therelative strengthsof
the CC and NC signals. A third experimentunderconsideratioris OPERA
whichis basedon a 1 kton EmulsionCloud Chamber This is a hybrid device
whereemulsionplatesalternatewith free spaceandthesetupis expectedo be
sensitveto Am? = 1072 eV2.

e MINOS Thisis alongbaselinexperimenteingplannedvith aneutrinobeam
from Fermilabdirectedto the SOUDAN setupin Minnesota.Thedistancdrom
sourceto detectowill be 730km andthe averageneutrinoenegy is expected
to be 10 GeV. Theexperimentwill look for v, «+ v, oscillations.

8. COSMOSThisis anacceleratoexperimentsimilar in spirit to CHORUS andNO-
MAD atCERN.With abaselineof 1kmand(E, ) = 10GeV, it will lookfor v,, <> v,
oscillations.

9. Reactorexperiments Nuclearreactorsare copioussourceof 7, and have beena
standardsourcefor neutrinoexperimentssincethe fifties. Several experimentsto
look for oscillationsareplannedfor the future usingreactorantineutrinos.

e Palo Verde Thisexperimentwill usescintillationdetectoratdistance®f 750,
888, and 889 metresfrom the reactorto searchfor oscillationsin the disap-
pearancemode. The relevant reactionis v, + p — e + n wherethe e™
producesannihilationphotonswhile the neutronis identified by the delayed
photonemittedon absorption Theexpectedsensitvity of this experiments to
Am? > 1.3 x 10~ eV? andsin® 26 > 0.1.

e KAMLAND: This experimentwill usereactorantineutrinoswith an average
enegy of 3 MeV. Thebaselinds expectedto be 100 km andit will searcHor
oscillationsin the disappearancenode.

e Bugey3, MUNU at Bugey: Thesearenew experimentsplannedat the Bugey
reactor

6. Discussions and conclusions

e Experimentgyuiding theory In this field experimentsare guiding theory and this
trendwill continuewith the severalnew setupsn variousstagesof fabricationand
development.

e Whid solutionfor solar neutrino®: The presentdatafor solarneutrinosis consis-
tent with threedifferentpossibilities,namely the small angle MSW solution, the
large angleMSW solution,andthe vacuumoscillationsolution[11]. They maybe
distinguishedy seasonalariations day—nighteffect, spectradeformationgtc. and
it is hopedthatthe high statistics realtime datafrom the new experimentswill be
very valuablefor this.

® v, & v, Ory, & v, for atmospherimeutrinos It is notpossibleto choosebetween
thesetwo alternatvesassolutionsto the atmospherimeutrinoanomalyon the basis
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of presentdata. Sincethe v, hasneutralcurrentinteractionswhich the sterile v,

doesnot, it may be feasibleto decidethe issueusing, for example,the rate of 7°

productionin thedata.Long baselineacceleratoexperimentssensitve to thesame
region of parametespacejooking for v, in thefinal statewill alsohelpin coming
to aconclusion.

e Pinning down3-flavourmixing Sincevery differentmasssplittingsare neededo
explain the solarneutrinoproblemandthe atmospherimeutrinoanomalyin terms
of oscillations,it is clearthatthis would alsorequiremixing betweenrat leastthree
neutrinos.The LSND experimentseemdo be indicatingyet anothemasssplitting
andif all of theseresultsaretakentogetherthenafour neutrinoframewvork will be
needed.Even settingasidethe LSND resulttill thereis independentonfirmation,
a comprehensie analysisof all datain the three neutrinoscenariois neededfor
pinningdown the massesndmixingsin this sector

¢ "Beneutrinosfromthe sun Someof thefits to all the available solarneutrinodata
seemto indicatea completeabsencef “Be neutrinos.Sofar, the experimentghat
aresensitve to theseneutrinos- GALLEX, SAGE, andtheHomestalk chlorineex-
periment-areall radiochemicain nature.To completelysettlethisissuearealtime
experimentsensitve to the “Be neutrinosis calledfor. The Borexino experiment
will fill in preciselythis gap.

¢ Independenthed of LSND Experimentsn neutrinophysicsare notoriouslydiffi-
cult. Thisveryinterestingresultcriesout for independentonfirmation.It is hoped
thatin afew yearstime the Karmenexperimentwill beableto eitherconfirmor rule
outtheLSND result.

e Longbaselineexperiments Thelong baselineacceleratoexperimentswill be able
to examineregionsof parametespacepreferredoy the oscillationexplanationof the
atmospherimeutrinodata. Several suchexperimentsarein the developmentstage
andresultsareeagerlyawaited.

e Supern@aneutrinos Our pastexperiencewith neutrinosfrom the SN1987Asuper
novagivesus confidencehatin the eventof a similar occurrencen our galaxy the
hugefacilitieslik e superKamiokandeandSNOwill obsere a clearsignalfrom the
neutrinosof the postbounceepoch.

e Modelbuilding: A parallelline of developmenis thebuilding of modelsof neutrino
masses.This hasbeendiscussedy several spealers[12] in this meetingandis a
veryrich areaof actiity.
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