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Abstract. A brief introductionto the phenomenaof vacuumneutrinooscillationsand resonant
flavourconversionis presentedwith aheavy pedagogicleaning.Variantsof theseideas,e.g.,neutrino
helicity flip in amagneticfield, violationof theequivalenceprinciple,etc.areoutlined.A few vexing
issuespertainingto thequantummechanicsof neutrinooscillationsarediscussed.Expectationsfrom
someof thefutureexperimentsaresummarized.
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1. Introduction

Therecentannouncementby thesuper-Kamiokandecollaborationof evidenceof neutrino
oscillationsin their atmosphericneutrinodatahasaddeda new impetusto theattemptsto
unravel themysteriesof neutrinomassandits manifold impactin particlephysics,astro-
physics,andcosmology. Severalof thepreviousspeakersat this discussionmeetinghave
toucheduponthe ideasof neutrinomassandoscillationswhich makesmy job a lot eas-
ier. Beforeembarkingon thepresentation,anapologyis duefor thelack of adequateand
up-to-datereferencing.Fortunately, muchof thedetailsandcurrentdevelopmentscanbe
tracedon theinternet[1].

2. Oscillations in vacuum

The ideaof neutrinooscillations[2] is rootedin quantummechanics.Thetime evolution
of a stationarystate � ����� (in unitssuchthat ��
	��	��

) is:� � ������� � 	 � � � ������� ����� �!�"���$# (1)

where�!� is theenergyeigenvaluecorrespondingto � � � � . Thus,thestationarystatevectors
at different times differ simply by an overall phasechange. The time evolution of an
arbitrary, i.e.,non-stationary, state,� ��� , is morecomplicated.For suchastatewecanwrite
at � 	&%

:
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where ) � areconstants.Usingeq. (1) onefinds:� � �,��� � 	-' �.) � � � � �/����� �����0�!�"����1 (3)

For neutrinos,thebasicassumptionis thatthefamiliarelectronandmuonneutrinos( 243
and 265 ) – which areoften termedflavoureigenstates– arenot the masseigenstates(i.e.,
thestationarystates)247 and 268 , but their superpositions:� 243$� 	 � 2479� �;: � 268"�=<4>?� 265�� 	 � � 247@��< : � 268"� � (4)

where
�A	CB�DFE�G

and < 	CE�HJIKG
. For two flavoursa singleangle,

G
, sufficesto completely

specifyonebasisin termsof theother. Considernow thestatevectorof a 2 3 producedat� 	L%
. Thus,initially � � � % � � 	 � ��MON@� 	L� � �P7@� : <Q� �=8R� . If thestationarystates� �P7�� and� �S8R� correspondto energies � 7 and � 8 , respectively, thenat a later time the statevector

will be: � � �,��� � 	&� � �P79�A�@��� �����0� 7 ��� : <F� �=89�/����� �����0� 8 ����1 (5)

Theprobability, T � 2 3 # % >O2 5 #U��� , of thestate � � ����� � (originatingasa 2 3 at � 	V%
) appearing

asa 2 5 is �XW,� M�Y � � ����� �R� 8 andcanbeexpressedas:T � 2 3 # % >Z2 5 #���� 	-� 8 < 8 � � �@��� �����0� 7 ��� : ����� �����0� 8 ��� � 8 1 (6)

Theneutrinosareexpectedto havesmallmasses,[]\ , andarein theultra-relativistic regime��� \=^`_ : [ 8\"a�b _ � where_ �dc [e\ ) is themagnitudeof theneutrinomomentum.In this
situation: T � 2�3 # % >Z265 #���� 	�fg� 8 < 8 E�HJI 8ihPj [ 8f _ �0k 	-E�HJI 8 b GSEUHJI 8mlonqprts # (7)

where j [ 8 	 [ 88 � [ 8 7 andr
	 f n _j [ 8 (8)

is theso-calledoscillationlength. In theright handsideof eq.(7) thefirst factoris aconse-
quenceof the‘mixing’ while thesecondfactorleadsto the‘oscillatory’ behaviour. In the
vacuumoscillationcase,thefirst factor, dependenton themixing angle

G
, is aconstantbut

in the Mikheyev–Smirnov–Wolfenstein(MSW) mattereffect, discussednext, it changes
with thematterdensity.

Fromeq. (7)T � 2�3 # % >Z2�3 #���� 	�� � T � 2�3 # % >O2�5 #U��� 	�� � EUHXI 8 b G=E�HJI 8 lonqpr s+1 (9)

It is seenfrom theabovethat T � 2�3 # % >O243 #���� canbelessthanor equalto unity. Theessential
ingredientsfor this aretwofold:

1. Theneutrinosmustbemassiveandnon-degenerate.
2. Themasseigenstatesof theneutrinos– 2 7 # 2 8 – mustbedifferentfrom theflavour

eigenstates– 2 3 # 2 5 .
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3. Variants

3.1 Matter effects

Of the variantsof this basicthemeof neutrinoflavour changethe mostprominentis the
Mikheyev–Smirnov–Wolfenstein(MSW) [3] matter inducedresonanteffect. The mass
squarematrix for thetwo-neutrinosystemin theflavour basisis:u 8v 	 h [ 8 7 : [ 88b kxw : �b h � j [ 8 B�DFE b G4y j [ 8 E�HJI b G4yj [ 8 E�HJI b G y j [ 8 B�DFE b G y k # (10)

where w standsfor the b
z;b identity matrix. It is easyto checkthat
u 8v is diagonalized

by the orthogonalmatrix characterizedby the neutrinomixing angle– denotedherebyG y
. Theaveragemasssquared,� [ 8 7 : [ 88 � a�b , playsno rôle in our discussionof neutrino

oscillations;only thedifferencein mass8 , j [ 8 , andthemixing angle,
G y

, areof relevance
here.

TheMSW effect originatesfrom the additionalinteractionsof a neutrinoin a medium
which resultin a varyingmassakin to theeffectivemassof anelectronmoving in a solid.
The mostwell-known applicationof the MSW mechanismhasbeento the caseof solar
neutrinoswherethe 2�3 , producedin theinteriorby fusionreactions,on theirwayoutmust
passthroughdenseregionsof thesun.Bothchargedandneutralweakinteractionswith the
materialcancontributeto theeffective mass.However, sincethesolarneutrinostypically
carryanenergy of a few MeV while themuon’s massis { 105MeV, thechargedcurrent
interactionfor the 2 5 – i.e., 2 5 :}|g~�� 2 3 :}�S~

– is kinematicallyforbidden.Theupshot
of this is thatthroughneutralcurrentinteractions2 3 and 2 5 receivethesamecontributions
to themassterms– addingto theirrelevanttermproportionalto the identity in eq. (10) –
while the chargedcurrentcontributesonly to 2�3 . As a consequence,in placeof eq. (10)
we now have:u 8���$� 	 h [ 8 7 : [ 88b :��@�@� k w: �b h � j [ 8 B@DgE b G4yx: b ���0� j [ 8 E�HJI b G4yj [ 8 EUHXI b G4y j [ 8 B�DFE b G4y k (11)

with
� �0� 	 bg� b����S� 3 ������� , where� 3 ����� , thenumberdensityof electrons,is a functionof

thedistancefrom thesolarcentre,� . Themixing angleobtainedfrom (11) is:GA	 �b��4� B�� � I h j [ 8 EUHXI b G�yj [ 8 B�DFE b G y � �9�0� k 1 (12)

It is importantto bearin mind thatboth
G

andtheoscillationlength
r

arenow functionsof
theenergy.

Two casesaredistinguished:
(A) Theadiabaticcase: If��G� ��� �r (13)
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i.e., thechangein themixing angleis smalloveroneoscillationlength,thentheusualadi-
abaticapproximationof quantummechanicsis valid: aneigenstateadjustsasthe Hamil-
tonianchangesgradually. If anelectronneutrinois producedin a region of thesunwhere
themixing angleis

G
andlaterdetectedon earth(mixing angle

G�y
) thenT � 2�3 # % >O2�3 #U��� 	 8' \J��7 �XW�2�3�� � 2�\ ���0�U����� ��W � 26\ �0�,  � � 2�3��@� 8	�¡X�¢:�B@DgE b G y B�DFE b G6£ a�b 1 (14)

Interferencetermsaverageout to zeroonceintegrationsover the productionregion (the
sizeof thesun)andthedetectorsizeareperformed.

(B) Thenon-adiabaticcase: Here��G� � c �r (15)

Thisisasituationwherethechangein themixingangleis veryrapidandthereis a‘jumping
probability’ from oneeigenstateto another( 2g7m¤¥268 ). A resonancepoint is definedfrom
eq. (12)by

� �0� 	 j [ 8 B@DgE b G4y . In termsof thenumberdensityof electronsat resonance,� � 3 �0�,�0� , thejumpingprobability, ¦ , canbewrittenas:¦ 	 �����}§ � n f j [ 8� E�HJI 8 b G�yB@DgE b G y ��,¨/© �oª N¨R« � ���0�R¬ 1 (16)

Strictly speaking,theaboveexpressionis valid whenthenumberdensity� 3 varieslinearly
with � nearthe resonancepoint. In the non-adiabaticcasethe electronneutrinosurvival
probability(seeeq.(14)) is:T � 2 3 # % >Z2 3 #���� 	C¡�¢: � � � b ¦ � B�DFE b G y B�DFE b G�£ a�b 1 (17)

3.2 Neutrinohelicity flip in a magneticfield

Theprecessionof thespinof theneutrinoin anambient(e.g.,solar)magneticfield [4] can
alsodepletethesignalsinceit cantransforma left-handedneutrinoto a right-handedone
andthe latter– not a participantin theweakinteractions– will escapethedetector. This
possibilitycanbeillustratedthroughthe 2"® � 2"¯ masssquarematrix:u 8v 	 h [ 8® : [ 8¯b k w : f �b h j ®�¯ a f � �±°�±° � j ®�¯ a f � k # (18)

where j ®4¯ 	 [ 8® � [ 8¯ , while
°

and
�

arethemagnitudesof theexternalmagneticfield
andthe neutrinomagneticmoment. The oscillationparametersfollowing from eq. (18)
are:

� � � I b G �0�d² 	 f4�±° �j ®�¯ > h jf � k �d² 	 § h j ®�¯f � k 8 :�� 8 ° 8 ¬ 7�³O8 1 (19)
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Notice that 2 ® oscillatesto 2 ¯ throughthis mechanism.Variantsof this basicideahave
consideredmattereffectsin conjunctionwith spinprecession,� 2 3 � ® ¤ � 2 5 � ¯ oscillations
mediatedby transitionmagneticmoments,etc. The magnitudeof the magneticmoment
required(

� { �9% ~ 7�´ �±µ ) for the effect to be significantfor typical solarneutrinoener-
gies is ratherhigh andmuch ingenuity was called for in building modelssatisfying,at
the sametime, the tight constraintsfrom the smallnessof the neutrinomass. The early
Homestakesolarneutrinodatacouldbeinterpretedassignalingananticorrelationwith the
solarmagneticactivity, whichfits in well with this picture.However, thestatisticswasnot
compellingto startwith and,further, theKamiokanderesultsdo not supportit.

3.3 Violation of theequivalenceprinciple

Another mechanismwhich can lead to neutrinooscillationsis throughviolation of the
equivalenceprinciple [5]. Assumethat the neutrinostateswith a diagonalcoupling to
gravity, 2 7 and 2 8 , aresuperpositionsof thestatesof definiteflavour:� 2 7 � 	 � 2 3 � B@DgE�G6¶·: � 2 5 � EUHJI�G"¶ > � 2 8 � 	 � � 2 3 � EUHJI�G"¶¸: � 2 5 � B�DgE¹G"¶ 1

(20)

In the 2g7 � 2�8 basisº 	 h � � » �,��� � ¼47 %% � � » ����� � ¼68 k 1 (21)

Here � » �,��� � is theNewtoniangravitationalpotentialand j ¼ 	 ¼ 7 � ¼ 8 is ameasureof the
violationof theequivalenceprinciple.Fromeqs(20),(21)it is straightforwardto obtainthe
time evolution of a 2�3 andonefindsthat thefactor j [ 8 a�b � appearingin theexpression
for thevacuumoscillationprobabilitygetsreplacedby b � � » ����� � j ¼ . Thekey point is the
consequentdifferentenergy dependenceof theoscillationprobability. Experimentaldata
canbeusedto settight constraintson

G ¶
and j v [6].

3.4 Threegenerations

TheLEPresultthattherearethreelight neutrinosis alsosupportedby therequirementsof
nucleosynthesisin theearlyuniverse.In a realisticthree-flavour framework it is important
to perform a combinedanalysisto find the allowed rangeof parameters.In particular,
this might uncover regions in the parameterspacesensitive to the presenceof the third
generationwhich cannotbeprobedin thetwo-flavour limit.

Thegeneralexpressionfor theprobability thataninitial 24½ of energy � getsconverted
to a 2R¾ aftertravelling a distance¿ in vacuumisT MOÀ4M�Á 	�� ½�¾ � f�Â�ÃOÄ \±Å ½ \ Å ¾ \ Å ½ Ã Å ¾ Ã EUHJI 8 h�n ¿r \ Ã k 1 (22)

where
r \ Ã 	 b 1 fQÆ [ ��� M a6Ç �@È ��� �9È 8 a j \ Ã ), j \ Ã 	 [ Ã 8 � []\ 8 . The actualformsof the

varioussurvival andtransitionprobabilitiesdependon the spectrumof j \ Ã assumedand
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thechoiceof themixing matrix Å relatingtheflavour eigenstatesto themasseigenstates.
Assumingno CP-violationin this sector, Å canbeparametrizedin termsof threemixing
angles[7].

3.5 Sterileneutrinos

In many extensionsof the standardmodel thereareadditionalneutrinos,singletsunder
the electroweakgaugegroup,immuneto the usualstrong,weakandelectromagneticin-
teractions.Mixing of suchsterileneutrinoswith thesequentialoneshasalsobeenwidely
examined. In radiochemicalsolarneutrinoexperimentsthe sterileneutrinos,just as the265 or 26É , will not be detected.In C̆erenkov detectorsbothchargedandneutralweakin-
teractionsof neutrinoscontribute. The 243 contributesthroughboth, the 265 only through
thelatterwhile sterileneutrinosdo not interactat all. Sterileneutrinoshave beenof more
interestof latesincethesolarneutrinoresults,theatmosphericneutrinoanomalyandthe
LSND results,if interpretedin termsof neutrinooscillationsrequirevery different j [ 8 .
This necessitatesfour nondegenerateneutrinostates[8]. SincetheLEP datadoesnot per-
mit morethanthreegenerationsof sequentiallight neutrinos,thefourthstatein thispicture
is usuallychosento besterile.

4. Matters of principle

New experimentalresultssupportive of neutrinooscillationshave alsoencourageda re-
newedinterestin a closeranalysisof mattersof principle,oftenoverlooked,pertainingto
this issue.Someof theseare:

1. Theevolutionof masseigenstatesin spaceandtimedictatedby quantummechanics
is summarizedby theequation� 2 \ ��Ê p #���� � 	 � 2 \ � % # % � �Ë� \,Ì�ÍÎ�Ï�Ð Í Ñ ~ÓÒ Ï�Ô,Õ # (23)

wheretheenergy, � \ , andmomentum,Ê_o\ , arerelatedby� 8\ 	 Ê_Ó\ 8 : [ 8\ 1 (24)

Two alternativesoftenappearin theliteratureregardingtheenergy andmomentaof
the two masseigenstatesproducedin a process.Indicatingby _ \ themagnitudeofÊ_o\ , theseare:

(a) Choose_ 7 	 _ 8 	 _ implying j � 	 � 7 �Ö� 8 	 � [ 8 7 � [ 88 � a�b _ ,
(b) Choose� 7 	 � 8 	 � implying j _ 	 _ 7 � _ 8 	 � [ 8 7 � [ 88 � a�b � .

(a)and(b) yield thesamephysicsresults.Nonetheless,it needsto bedecidedwhich
of theseis the properone to use. In view of the fact that the uncertaintyof the
productionpoint in all casesof interest,asdeterminedby thesizeof thesource,is
muchsmallerthantheoscillationwavelength,themomentumuncertaintypermitted
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by quantummechanicscanbelargerthanthemomentumsplittingconsideredin (b).
On theotherhand,theuncertaintyin the time of emissionis lessclearcut andcan
belarge. Accordingto this line of thinking, it is preferableto choosethetwo states
to have the sameenergy – i.e., alternative (b) – ratherthanthe samemomentum–
alternative(a).

2. In discussionsof neutrinooscillations,themasseigenstatesareassumedto beultra-
relativistic. Whatif this is not thecase?Whatif oneof thestatesis ultra-relativistic
andtheotheris not? In the lattercase,coherencewill be lost rapidly but effectsof
mixing wouldstill show up (seebelow).

3. In the standardanalysisof neutrinooscillationsit is assumedthat thoughthe two
masseigenstatespropagatedifferently, theinitial coherencebetweenthestatesis re-
tainedwhenthey aredetectedat a distantdetector. Is this assumptiontruly valid in
all cases?Obviously, coherencewill be retainedover shortdistancescomparedto
the lengthscaleof the problem,namely, the oscillationlength. The assumptionis
questionablefor traversaldistanceslarge comparedto the oscillation lengthwhen
dueto the differentmassesof the two eigenstatesandthe consequentdifferentve-
locitiesthetwo will begin to separate.To addressthisquestion,notethatin theusual
analysisoneusesT � 2�3 # % >Z265 #���� 	 �W×265±� 2g7@� B@DgE�G � ~ \ Ò±Ø Ô : W×265±� 2689� EUHJI�G � ~ \ ÒÚÙ Ô � 8	�B�DgE 8 G�EUHXI 8 GÛfPE�HJI 8 ��� 7 �Ö� 8 ���b	�E�HJI 8 b G�E�HJI 8 n ¿rC1 (25)

On theotherhand,if thetwo masseigenstatesareno longercoherentthentheprob-
abilitiesmustbesummed,not theamplitudes, andonehasT � 2 3 # % >O2 5 #U��� 	 �XW�2 5 � 2 7 � B�DFE�G � ~ \ Ò Ø Ô � 8 : �XW�2 5 � 2 8 � E�HJI�G � ~ \ Ò Ù Ô � 8	 b B�DgE 8 G�E�HJI 8 G	 �b EUHJI 8 b G 1 (26)

Now, in the ¿ c r
limit, in the usualformulation,(eq. (25)), the averageof the

lengthdependentfactor(
	Ü� a�b ) is usedandthis givesthesameresultasthe inco-

herentcase(eq. (26)).
4. Moving sourcesand detectors: In mostsituationsconsidered,therearetwo length

scalesinvolved,viz. theoscillationlength
r

andthedistancefrom thesourceto the
detector¿ . In thismeeting,it hasbeenstressed[9] thatin situationswherethesource
and/orthedetectoris not at rest,thedistancetraveledby themis a third one.Sofar,
sucha situationobtainsonly for the LSND experiment. Even there,the �2�5 � �243
oscillationuses

�±Ý
decaysat rest(DAR) andit is only for the 2�5 � 2�3 oscillations

studiedusingdecaysin flight (DIF) that the questionis pertinent. However, it is
easyto ascertainthatthethird distance,namely, theuncertaintyin thepointof origin
dueto the decayposition, is small comparedto the oscillation lengtheven in this
case.Nonetheless,this is aquestionof principlewhichdoesnotappearto havebeen
satisfactorily lookedinto.
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5. Future experiments

Beforeembarkingon a discussionof someof theupcomingexperiments,let uslook back
in history andrecall that therewasa claimedevidenceof neutrinooscillation in a reac-
tor experimentasearly asin 1980[10]. In this experiment �2 3 from a 2000MW reactor
weredetectedat distancesof 6m and11.2m throughCC andNC scatteringoff deuterons
in heavy water aswell as via inversebetadecay. In a two flavour analysis,the results
indicateda preferredrangeof

% 1ßÞÖà EUHXI 8 G à % 1 á and0.7 eV8 à j [ 8 à 1 eV8 . Un-
fortunately, thestatisticswasnot compellingandthis region of parameterspacehasbeen
ruledout by themorerecentresultsfrom Bugey. Themessagethatcomesthroughis that
neutrinoexperimentsarenotoriouslydifficult andconfirmationof everyresultby asecond
independentexperimentis amust.

Therearemany experimentsbeingpreparedto testdifferentrangesof neutrinomassand
mixing in thefuture.We now briefly list someof them.

1. Super-Kamiokande: Super-Kamiokandeis, of course,runningandhasalreadypre-
sentedresultsof greatimportance.More high statisticsresultsareeagerlyawaited
from it for boththeatmosphericandsolarneutrinos.This is expectedto throw light
on issueslike (a)Seasonalvariationsof thesolarneutrinoflux indicativeof thevac-
uum oscillationsolution,(b) day–nighteffect of solarneutrinoswhich will enable
a distinctionbetweenthe large andsmall angleMSW solutions,(c) spectralshape
deformationof solar neutrinosas a normalizationindependentcheckon neutrino
oscillations,etc. It will also serve asa telescopefor neutrinosfrom a supernova
explosion.

2. Sudbury NeutrinoObservatory(SNO): This experimentwill use1 kton of D 8 O sur-
roundedby 7.3 ktonsof ordinarywater. Neutrinoswill bedetectedby: (a) CC dis-
integration 2 3 :�â+�ã|g~ä: _ : _ throughtheC̆erenkov radiationfrom theelectron,
(b) NC disintegration 2 :`âå� 2 : � : _ to bedetectedcalorimetricallyby the æ
emissiononneutroncapture,and(c) CCandNC scattering2 :;| ~ � 2 :Ö| ~ again
via C̆erenkov radiation.Only the 2 3 contributeto theCC reactionswhile sequential
neutrinosof all threeflavourscontribute with equalstrengthto the NC reactions.
Basedon the standardsolarmodel, the expectedcountratesper yearfor thesere-
actionsare9,750,2,800,and1,100respectively. The neutrinothresholdenergy at
SNOshouldbeabout5 MeV.

3. Borexino: This experimentbeingsetup at the GranSassolaboratorywill look for
solarneutrinosusing100tonsof ultrapureliquid scintillator. It will detectaneutrino
eventusingthe recoil electronin 2 � |

scatteringwith a thresholdelectron energy
aslow as0.25MeV. It hasa real time sensitivity to ç Be neutrinos(the 0.86MeV
line which hasabout90%of theemission)from the sun. This is of specialimpor-
tancesince(a) theexistingexperimentalresultsseemto indicateanalmostcomplete
suppressionof Beneutrinosand(b) all theearlierexperimentssensitiveto theseneu-
trinoswereradiochemicalin nature.Basedon the flux predictionsof the SSM,50
eventsper day areexpectedat Borexino. The scintillation baseddetectionof this
experimentdoesnotprovidedirectionalinformation.

4. ICARUS: This 600 ton liquid argondetectoris alsobeingsetup at the GranSasso
laboratory. It hasaneutrinoenergy thresholdof 4–5MeV andwill hencebesensitive

42 Pramana– J. Phys.,Vol. 54, No. 1, January 2000



Neutrinooscillations

only to è B neutrinosfrom the sun. It will detectneutrinosvia (a) the scattered
electronin 2 � |

scatteringwhich proceedsthroughboth CC andNC interactions
and(b) thedeexcitationof é ´ K ê producedin thereaction2�3 : é ´ Ar

� é ´ K ê :;| ~ .
The groundstateof é ´ K has ë±ì 	Üf ~

; hencethe deexcitation occursthroughthe
emissionof several gammas.The eventsof type (a) and(b) aredistinguishedby
their angulardistributions– (a) is directedalongthe 2 directionwhile (b) is more
isotropic– andmultiplicity – (b) hasseveralgammas.Detectionof solarneutrinosas
well asmeasurementof theatmosphericneutrinoratio �×íä� 265 : �2�5 ��� a �×íä� 243 : �2�3 ���
is envisaged.

Furtherin the future(Future8 ) thereareplansfor a 5 kton detectoralongsimilar
lines.Anotherpossibilityis to add5%of CDé (deuteratedmethane)andlook for the
CCreaction2�3 :îâ/�ï| ~ : _ : _ . Theelectronwill beisolatedwhile thetwo protons
will produceintenseionizationat thevertex. A third plan is to usethefacility asa
longbaselinedetectorfor theNGS(Neutrinoto GranSasso)beamfrom CERN.

5. Homestake iodine experiment: This is the new setupbeingplannedat Homestake
to replacethechlorineexperimentandusesthesamebasicradiochemicalprinciple
with the reaction 2�3 + 7�8 ç I � 7�8 ç Xe +

| ~
. The 7�8 ç Xe decaysby electroncapture

with a half-life of 36.4days. The initial programmeis to setup a 100 ton detector
whichwill eventuallybeincreasedto 1 kton.

6. Gallium NeutrinoObservatory(GNO): This is the upgradedGALLEX experiment
whichwill have30,60,and100tonsof gallium in stages.

7. Longbaselineexperiments: Theatmosphericneutrinoexperimentsseemto indicate
the occurrenceof 265�¤ð26É or 265Ö¤.2�ñ oscillationswith a mass8 splitting around�9% ~ 8 � �9% ~Óò eV8 . Sinceacceleratorsprovide 265 beamsof higherenergy, in orderto
probethis favouredmassdifferencerangeusingtheseneutrinosonemusthave long
baselinesof severalhundredsof kilometres.A numberof suchexperimentsarein
theplanningstages:ó K2K: Among the long baselineacceleratorexperimentsthe onethat is in the

mostadvancedstageis K2K usinganeutrinobeamoriginatingfrom KEK and
detectedat super-Kamiokande– a baselineof 250km. Theneutrinoswill be
producedby delivering a 12 GeV proton beamon target producinga mean
beamenergy of 1.4GeV. The 2 3 contaminationis expectedto beabout1%. A
fourteen-foldincreasein theneutrinoflux isachievedby focusingthepositively
chargedparticlesat the target by a toroidal magneticfield. The experiment
plansto look for an excessof 2�3 asalso a distortionof the 2�5 spectrumby
comparingwith aneardetector. With thelimited energy of thebeam,2�5+¤ï26É
oscillationscanbe searchedfor only in the disappearancemode. Thereare
future plansof using50 GeV protonsto producea neutrinobeamof higher
energy when 2 5 ¤ô2 É will be looked for usingthe appearanceof õ s in the
final state.ó CERNto Gran Sasso: The GranSassolaboratorywith its rock shieldingis
ideal for neutrinoexperiments.It is plannedto have a neutrinobeamto Gran
Sasso(NGS)from CERNwhichwill correspondto abaselineof 740km. Sev-
eral experimentsareplanningto take advantageof this beam. They include
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theICARUSfacility discussedearlier. Anotheris theNeutrinoOscillationEx-
periment(NOE) which plansto use6.7 ktonsof scintillatingfibre. They plan
to look for 265�¤ 26É oscillationsby searchingfor õ decaysand 265�¤ 243
oscillationsby measuringany excessof electrons.Disappearanceof 265 due
to oscillationswill begaugedfrom a measurementof therelative strengthsof
the CC andNC signals. A third experimentunderconsiderationis OPERA
which is basedon a 1 kton EmulsionCloudChamber. This is a hybrid device
whereemulsionplatesalternatewith freespaceandthesetupis expectedto be
sensitive to j [ 8 	��9% ~Óò

eV8 .ó MINOS: Thisis alongbaselineexperimentbeingplannedwith aneutrinobeam
from Fermilabdirectedto theSOUDAN setupin Minnesota.Thedistancefrom
sourceto detectorwill be730km andtheaverageneutrinoenergy is expected
to be10GeV. Theexperimentwill look for 2 5 ¤ï2 É oscillations.

8. COSMOS: This is anacceleratorexperimentsimilar in spirit to CHORUS andNO-
MAD atCERN.With abaselineof 1 km and W � M � = 10GeV, it will look for 2 5 ¤ï2 É
oscillations.

9. Reactorexperiments: Nuclearreactorsarecopioussourcesof �2 3 andhave beena
standardsourcefor neutrinoexperimentssincethe fifties. Several experimentsto
look for oscillationsareplannedfor thefutureusingreactorantineutrinos.ó Palo Verde: Thisexperimentwill usescintillationdetectorsatdistancesof 750,

888, and889 metresfrom the reactorto searchfor oscillationsin the disap-
pearancemode. The relevant reactionis 2 3 : _ � |RÝö: � wherethe

|"Ý
producesannihilationphotonswhile the neutronis identifiedby the delayed
photonemittedonabsorption.Theexpectedsensitivity of thisexperimentis toj [ 8i÷ � 1 ø z �9% ~Úò eV8 and

EUHXI 8 b G ÷ % 1 � .ó KAMLAND: This experimentwill usereactorantineutrinoswith an average
energy of 3 MeV. Thebaselineis expectedto be100km andit will searchfor
oscillationsin thedisappearancemode.ó Bugey3, MUNU at Bugey: Thesearenew experimentsplannedat the Bugey
reactor.

6. Discussions and conclusionsó Experimentsguiding theory: In this field experimentsareguiding theoryand this
trendwill continuewith theseveralnew setupsin variousstagesof fabricationand
development.ó Which solutionfor solar neutrinos?: Thepresentdatafor solarneutrinosis consis-
tent with threedifferentpossibilities,namely, the small angleMSW solution, the
largeangleMSW solution,andthevacuumoscillationsolution[11]. They maybe
distinguishedby seasonalvariations,day–nighteffect,spectraldeformation,etc.and
it is hopedthat the high statistics,real time datafrom the new experimentswill be
veryvaluablefor this.ó 265+¤ï2�É or 265î¤ï2�ñ for atmosphericneutrinos: It is notpossibleto choosebetween
thesetwo alternativesassolutionsto theatmosphericneutrinoanomalyon thebasis
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of presentdata. Sincethe 2 É hasneutralcurrentinteractionswhich the sterile 2 ñ
doesnot, it may be feasibleto decidethe issueusing, for example,the rateof n ´
productionin thedata.Longbaselineacceleratorexperiments,sensitive to thesame
region of parameterspace,looking for 26É in thefinal statewill alsohelp in coming
to a conclusion.ó Pinning down3-flavourmixing: Sincevery differentmasssplittingsareneededto
explain the solarneutrinoproblemandthe atmosphericneutrinoanomalyin terms
of oscillations,it is clearthat this would alsorequiremixing betweenat leastthree
neutrinos.TheLSND experimentseemsto be indicatingyet anothermasssplitting
andif all of theseresultsaretakentogetherthena four neutrinoframework will be
needed.Evensettingasidethe LSND resulttill thereis independentconfirmation,
a comprehensive analysisof all datain the threeneutrinoscenariois neededfor
pinningdown themassesandmixingsin thissector.ó ç Beneutrinosfromthesun: Someof thefits to all theavailablesolarneutrinodata
seemto indicatea completeabsenceof ç Be neutrinos.So far, theexperimentsthat
aresensitive to theseneutrinos– GALLEX, SAGE,andtheHomestakechlorineex-
periment– areall radiochemicalin nature.To completelysettlethis issuearealtime
experimentsensitive to the ç Be neutrinosis called for. The Borexino experiment
will fill in preciselythis gap.ó Independentcheck of LSND: Experimentsin neutrinophysicsarenotoriouslydiffi-
cult. This very interestingresultcriesout for independentconfirmation.It is hoped
thatin a few yearstimetheKarmenexperimentwill beableto eitherconfirmor rule
out theLSND result.ó Longbaselineexperiments: The long baselineacceleratorexperimentswill beable
to examineregionsof parameterspacepreferredby theoscillationexplanationof the
atmosphericneutrinodata. Severalsuchexperimentsarein the developmentstage
andresultsareeagerlyawaited.ó Supernovaneutrinos: Our pastexperiencewith neutrinosfrom theSN1987Asuper-
novagivesusconfidencethat in theeventof a similar occurrencein our galaxy, the
hugefacilitieslikesuper-KamiokandeandSNOwill observea clearsignalfrom the
neutrinosof thepostbounceepoch.ó Modelbuilding: A parallelline of developmentis thebuilding of modelsof neutrino
masses.This hasbeendiscussedby several speakers[12] in this meetingandis a
very rich areaof activity.
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