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Abstract. The obsered deficitsin the solarand atmospherimeutrinofluxes alongwith the ac-

celeratorresultson neutrinooscillationssignificantly constrainpossiblemassand mixing patterns
amongneutrinos. We discusspossiblepatternsemeging from the experimentalresultsandreview

theoreticahttemptgo understandhem.
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1. Introduction

The precisionresultson the deficit in the muonneutrinosof atmospheri®rigin obtained
at superkKamioka[1] mayberegardedasconfirmationof thelong standingsuspicionthat

the neutrinohasa masg[2]. The mostlikely interpretationof theseresultsis that at least
oneneutrinois massve. Resultsrom differentsolarneutrinoexperimentgakenover mary

yearsarequitecompellingfor assuminghatonemoreneutrinois massve. Themassscales
probedin thesewo setsof experimentsarequitedistinct[3]. Importantinformationonthe

neutrinospectrumis alreadyprovided by the presencef thesetwo distinctscalespy the

mixing patterngequiredto understandheutrinodeficitsandby the negative searchresults
of thelaboratoryexperimentsnotablyat CHOOZ[4]. Thisinformationcanbejudiciously

combinedwith thewell-motivatedtheoreticalassumptions$o arrive at constrainecpicture
for neutrinomasse&nd mixing. We wish to review recentdevelopmentsn constraining
neutrinomassesand mixings and discussmost likely scenarioeemeping as a result of

theseattempts.

We summarizethe salientfeaturesof the well-known neutrinomassgeneratiormecha-
nisms[2] in the next section.Thenwe discusghe patternof neutrinomassesandmixing
neededn orderto understandhe solarand atmospheriadeficitsin termsof oscillations
betweerthreeneutrinos.In §4, we discusshow far the modelsof §2 canaccommodaténe
neutrinospectrumsuggestedn §3. The next sectiondiscussegonsequencesf addinga
fourth light neutrinoin the spectrum.Summaryis givenin §6.
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AnjanSJoshipuia
2. Neutrino mass generation: Theoretical summary

The gaugesymmetryandthe mattercontentof the standardnodel (SM) doesnot allow

neutrinoto have ary mass.lIt is possibleto extendthe SM in a way thatleadsto neutrino
massesSomeof theseextensionssuchas SO(10)andsupersymmetrySUSY) are moti-

vatedfor reasondifferentfrom neutrinomassesvhile somehave beenproposedwith a

desireto incorporateneutrinomassin the standardpicture. Differentmechanisméor the

neutrinomassgeneratiorarequite well-known [2] andwe summarizethe salientfeatures
of thesebelow. All thesemechanismsharea commongoalof explainingthe smallnes®of

neutrinomasse$n comparisorto masse®f the chagedfermions.

Seesawmodel In this mechanisn5], the light neutrinosobtain their masseghrough
couplingsto heary right handed RH) neutrinos.The neutrinomassmatrixin thesemodels
is givenby

my ~ —mpMgim,. 1)

The Dirac massm p couplesthe light neutrinosto RH neutrinosandthe massmatrix Mg
for the latter suppressethe light neutrinomassesomparedo typical scalespresentin
mp. Thequarkleptonsymmetryinherentin grandunified modelssuchasSO(10)makes
theidentificationof mp with the (up) quarkmassmatrix natural.As aresult,not only the
overallscalebut eventhehierarchyamongthe neutrinomasseganbeapredictionin such
theories.The simplestversionof SO(10)identifiesm p with theup quarkmassesndthis
supplementedvith the assumptiorof a diagonalM g impliesthe following massrelation
amongthethreeneutrinomassesn;:

my i my i mg i mi im?imi. 2

Theoverallscaleof thesemassess setby the(common)RH neutrinomassM which break
the B — L symmetry If M is nearthe grandunification(GU) scale thenmg is aroundthe
scaleprobedin atmospheriteutrinoexperiments Alternatively, if the B — L symmetryis
brokenatanintermediatescale, M ~ 10'2 GeV thenms ~ O(eV) canprovide the cosmic
darkmatterscale[6].

The genericseesa modelbasedon the left right symmetryalsoleadsto direct majo-
ranamassesnr,y, for theleft handedneutrinosthemseles[2]. As aresult,thefollowing
equationdescribesieutrinomassesn thesetheoriesinsteadof eq. (1):

my NmLL—mDMElmg . 3)

The overall scaleof my, is inverselyrelated[2,7] to the scaleof the B — L breakingas
in theseconderm. But thestructureof m 1, is notexpectedo berelatedto otherfermion
masses.

The simplestversionof SO(10)would alsoimply small mixing anglesin the leptonic
sectorasin the CabibboKobayashMaskava (CKM ) matrix. It is however possibleto ob-
tain very differentleptonicmixing matrix without sacrificingthe quarkleptonsymmetry
This canbe doneif Mg hasnon-trivial texture [8]. Large mixing canalsoco-exist with
SO(10)symmetryif neutrinomassesregivenby eq.(3) insteadof eq. (1) [9]. Alterna-
tively, it is possibleto obtainlarge (small) mixing amongthe left handedchaigedleptons
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(down quark)in the context of the SU(5) models[3,10]. Onecanalsoimagineextensions
of the grandunified pictureto obtainlarge mixing [11,12]. A comprehensie summaryof
differentpossibilitiesis givenin [3].

Radiativelygenemted neutrinomasses It is possibleto imagine extensionsof the SM
in which lepton numberviolation occursbut one or more neutrinosremainmasslessat
treelevel. If thesemassesrenot protectedby ary othersymmetrythenthey would be
generatedadiatively. They are calculableand small in this case. This scenariocanbe
implementedoy extendingthe fermionic sector[13] or by extendingthe Higgs sectorof
the SM [13-15]. This mechanisnmhasthe advantageof explaining smallnesof neutrino
masswithoutinvoking heary scalesasin theseese model.Many of theradiatve schemes
[13] arebasedon the Zeemodel[14] which invokesa chagedsingletHiggs andan extra
doubletHiggs. The chagedleptonmassesnducethe neutrinomassesadiatively in this
modelandtheneutrinomassds typically given(assuminghatthe scaleassociatedvith the
new physicsis alsotheweakscale)by

2
fml

M ™ T6me My

(4)

Thusm; ~ m, andf ~ 10~° canaccounfor themassesssmallasrequiredto explain
the atmospheri@anomalies.Differentversionsof this mechanismhave beenproposedn
recentyears[16-18] to accounfor neutrinoanomaliesandwe will summarizeéhemin the
next section.

Supesymmetryand neutrinomassesSupersymmetriextensionof the SM automatically
containslepton numberviolation and hencethe sourceof neutrinomasses.This comes
dueto the presencef additionalscalarsandfermionsin this model. The leptonnumber
violation comesfrom the following termsin the superpotentialvritten in the standard
notation[20]:

Thetermlinearin L; inducesvacuumexpectatiornvalue(vev) for the scalarpartner(sneu-
trino) of neutrino.This mixesneutrinoswith neutralinos!f thesneutrinovev is suppressed
thenneutrinosacquireseesa type mass[21]. Onecombinationof neutrinosobtainsits
masghisway. Theotherscanobtaintheirmassesadiatively [22] throughl-loopdiagrams
involving scalarpartnersof the d-type quarksand chagedleptons. This mechanisnthus
combinesboththe previousmechanisms.

The supersymmetnyprovides particularly interestingand economicalframework for
neutrinomassedn the contect of the minimal supegravity theory[23,24]or in the contect
of theoryinvolving SUSY breakingby gaugeinteractiong25]. If ¢; arethe only source
of leptonnumberbreakingthenneutrinomassegetdirectly linked to the chagedlepton
andthedown quarkmassedn suchtheories.In factthe parameters; becomeunphysical
in thelimit of takingthe chagedleptonanddown quarkmassedo zero[23]. As acon-
sequenceall the effectsassociateavith leptonnumberviolation are suppressedy these
masses.This hasthreeadwantages:(i) The neutrinomassgetssuppressed¢omparedo
typical weakscalesin the theory e.g. for ¢; ~ 1 ~ 100 GeV onegetsneutrinomassin
theke\-MeV range,(ii) neutrinosobtainhierarchicalmassesand(iii) neutrinomixing is
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determinedy theratiosof ¢; for alargerangein the SUSY parametespacg23,25]. As a
result,large neutrinomixing becomesaturalin thesetheoriesin spite of the hierarchical
neutrinomassesDetailedpatternof neutrinomassedasedn eq.(5) areworkedoutin a
numberof paperd23-26] andhave beensummarizedn thisissue[27]. We shalltherefore
notdiscusshis scenaricary further,

Higher dimensionabpemtors andflavoursymmetry This approachuseshebasicmecha-
nismdueto FroggattandNielson[28]. In thisapproachthelight fermionmassegndtheir
mixing arisefrom effective non-renormalizableperatorsvhich would ariseafter sponta-
neoushreakingof a U(1) flavor symmetryatavery highscale~ M by thevev of asinglet
field 8. The occurrenceof small parameterén the theoryis explainedin this approachn
termsof asmallparamete(d) /M . Thedetailedtexturesof fermionmassesiredetermined
by theU(1) chagesof thefermionicgenerationsVarietyof schemesisingthis mechanism
have beenusedto understandhequarkspectrumThefamily quantumnumbersconsistent
with therequiredquarkspectrumcanalsobe usedto constrainneutrinomassesit is pos-
sible to utilize this approachto understandieutrinomasshierarchyandin particularthe
large mixing angles We referto [3,29] for moredetailsandoriginal references.

3. Experimental implicationswithin the minimal framework

We shallconfineourselesin this sectionto the minimal framework involving threeactive
neutrinosv, (a = e, u, 7). Thisframawork is sufiicient to accountfor the solaraswell
asatmospheri@nomalies. It canalsoallow neutrinosto provide significantcomponent
in the dark matterprovidedthey arenearlydegeneratg30]. The only directexperimental
indicationin favour of the non-minimalframenork with morethanthreeneutrinoscomes
from the LSND experiment3]. We shalldiscusghis casein the next section.

Atmospherimeutrinoanomaly The oscillationsof the muonneutrinosappeartto be most
likely explanationof the obseneddeficitsat the superKamioka. The datamoreoer also
imply thatv,, oscillatesto v, in the context of the minimal framework [31-33] with the
following parameters

1072 eVZ< Ay <8-107%eV?
0.86 < sin?20,4 < 1.0, (6)

where A 4,64 referto (massj differencesand mixing amongv,, v.. The above con-
straintsallow two possibilities

(A) me <y ~ Ay . (7
(B) My ~m3 > \/Ax; Azg =m3 —mi ~/Au. (8)

The canonicalpossibility (A) hasthe advantagethatthe secondmasscould be chosenin

therangerequiredfor solutionto the solarneutrinoproblem. It hasthe disadwantagethat
one needsto invoke additionalneutrinoin orderto get significantdark matter[6] in the
universe.ln comparisonthe possibility (B) providesthedarkmatterin the universeeasily
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but canleadto the obsenedsolardeficitonly if all threeneutrinosarealmostdegenerate.
In eithercasepnecouldexplainall neutrinoanomaliesf additionalsterilestateis invoked.

The simultaneousequiremenbf the large mixing and hierarchicalmassedorcesthe
following genericform for the 2 x 2 neutrinomassmatrix in the basiswith the diagonal
chagedlepton:

MV~“A_A<”>. ©)

2 11

SUSY theory with bilinear R violation provides a simple realization of this scheme
[23-25]. Seesw modelwith only one RH neutrinocouplingto light neutrinosgivesan-
otherexampleof this matrix [34]. The form (9) canalsobe obtainedin aradiative model
[16] usingthe Zeetype mechanism.

Theform in eq.(9) hasbeenobtainedassuminghatthe third neutrinodoesnot couple
significantlyto v, .. Thelarge couplingwith thethird generatiorcanallow oneto realize
the possibility (A) andlarge mixing without [35] the2 x 2 v, — v, block displayingthe
structureasin eq.(9).

Possibility (B) seemsmore constrainedandin generalwould require additionalsym-
metriesto understancheardegenerag of neutrinomasses.However suchsymmetryin
the effective massmatrix for two light neutrinosmay follow accidentallyeven whenthe
underlyingtheory doesnot possesspecificsymmetry An exampleis provided by the
corventionalseesa model. Assumethatthe2 x 2 matrix Mg is of the Fritzchform, i.e.

0 M
My = .

Thenmp = my leadsto

1 m2M'  —m.mM
v~ —= ¢ . 10
M M2 ( —memyM 0 ) (10)

The Mg aboveis notinvariantunderary combinationsof L, andL,. Still the effective
massmatrix M,, for light neutrinosobtainedrom this Mg displaysanapproximatel,, —
L, symmetrywhenM ~ M'. In fact,thechoiceM ~ M' ~ 10! GeV simultaneously
leadsto (1) almostdegeneratenassesn the eV range(2) splitting betweerthesestatesat
the atmosphericeutrinoscaleA 4 and(3) almostmaximal mixing betweerthe relevant
states.This simpleexamplebasedon realisticassumptionshusillustratesthatit is quite
easyto obtain large mixing and a solution to the atmosphericmeutrinoanomalyin the
corventionalseesa model.

Combinedsolutionsfor the solar and atmospherimeutrinoanomalies Unlike in the case
of atmospherimeutrinos demandingan oscillationsolutionto the solarneutrinoproblem
doesnot completelyfix therangesof theallowedneutrinoparameterasthe solarneutrino
problemcanbesolvedin morethanonewaysthroughneutrinooscillations.Threedifferent
possibilitiesexist which explain the presentlyavailable resultson the solarneutrinosbut
differ in their predictionsfor the experimentallymeasurablgarameterdik e distortion of
theneutrinoenegy spectrumday—nightasymmetryin the neutrinoflux andtheir seasonal
variationsetc[36]. The parameterangesequiredaccordingto theanalysisin [37] are:
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5-1071 eVZ < Ag <5-1010eV?2
0.65 < sin® 205 < 1.0 (VO), (11)

4-107% eVZ < Ag<9-10"%eV?
1072 < sin% 205 < 1072 (SAMSW) , (12)

2:107° eV2 < Ag < 2-107%eV?
0.65 < sin? 205 < 0.95 (LAMSW) . (13)

TheAg, 85 abovereferto the(massj differenceandmixing amongtwo neutrinospartic-
ipatingin thesolarneutrinooscillations.Thethreedifferentpossibilitiescorrespondo the
vacuum[38] oscillations(VO), small angleMSW (SAMSW) andthe large angleMSW
(LAMSW) solutions[39] to the solarneutrinoproblem([37].

Solutionof thesolarneutrinoproblemcanbeincorporatedn scheme#\ andB discussed
in the earliersection.Thethird neutrinocanbe addedto the schemeA with two different
masshierarchies:

(A1) my ~ my <€ ms;
(A2) mp L my K< m3, (14)

while possibility B canbe extendedto includethe solarneutrinoproblemonly if thethird
massstateis alsoalmostdegenerat¢30] with thefirst two, i.e.

(B) my~me~m3z>>\/Ax; Ao ~Ay ;A0 ~Ag. (15)

In additionto thesethreepossibilities,a fourth possibility exists [35] which is a genuine
threegeneratiorpossibility. This correspondso two of the neutrinoshaving massat the
atmospheriscaleand(massj differenceatthesolarscale,i.e.

(C) mip ~ Mma ~ 1/ AA > ms3 With A12 ~ AS . (16)

This schemeseemsgo requiresomevhatuncorventionalmasshierarchybut it is neverthe-
lessinterestingasit canbeargued[35,40]to follow from asymmetrynamelyL,— L, — L.
Impositionof this symmetryimpliesthefollowing texture for the neutrinomassmatrix:

0 cosf sinf

VAAs | cosd 0 0 . (17)
sinfd 0 0

This structuregivesrise to the masspatterndisplayedin eq.(16) to zerothordet In addi-
tion, it canprovide large anglesolutionto the atmospherimeutrinoanomalyif 8 ~ 45°.
Very smallbreaking[17,18,40]of the L, — L, — L, symmetrycanleadto asolutionof
thesolarneutrinoproblemin this scheme.

Mixing patterns The allowed mixing amongthreegenerationss very significantly con-
strainedf boththe neutrinoanomaliesareto besolved[3]. The mixing matrix relatingthe
flavoura = e, u, 7 andmassi = 1, 2, 3 eigenstatesanbewritten asfollows:
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Vo = Uqili - (18)
After appropriateredefinition of the chaged lepton states,the matrix U containsthree
mixing anglesandthreephysicalphasesandcanbe parameterizeds[41]

U = Waz(623) Wi3(613) Wia(612e)P(N;) , (19)

whereP()\;) =diag(ei*t,e?*2,1); W;; denotecomple rotationin theij plane. For ex-
ample,

C12 812e_i6 0
W12 (012ei‘5) = —812€i6 C12 0 . (20)
0 0 1

Thed in theabove equations analogougo the KobayashMaskava phasewhile A; » arise
dueto Majorananatureof neutrinos.

The non-obseration of the v, oscillationsat CHOOZ placesan importantconstraint.
Thisresultrequireg4]

|Ues| < 0.1 for Az >107%eV2.

Thefollowing two possiblemixing patterneemege whenthe constrainfrom CHOOZ is
imposedon U. Thesecanbewritten asfollows to leadingordersin relevantparameters:

1 A2eid A et 0 0
Us~ | —A)sas + 0()\2) C23  S23 + O()\2) 0 e 0 )
—AXeas + 0(/\2) —893 C23 + O()\2) 0 0 1
(21)
C12 812€i6 A e"’\l 0 0
Ur ~ —<€-’12623e_i(s C12C23 S23 0 et Q . (22)
512823 0 —ci2803 o3 0 0 1

In theaboreequation) ~ 0.2andA ~ O(1). Thes;, in eq.(22)is largeandaccountgor
eitherthe LAMSW or VO solution. Theform (21) appliesonly to the SAMSW solution.
Interestinglyenoughthisform canalsobecharacterizetdy the Wolfensteinparametef42]
A dueto fortuitousresultthat|U.3| < A andsmallangleneededor the SAMSW solution
is ~ A2. Butthedetailedform of U in termsof this parameteis characteristicallglifferent
from the analogousCKM matrix. Equation(22) reducedo the bimaximalmixing [44] if
S12 = % and A = 0. Note thatdemandinga simultaneousolutionto the solarandthe
atmospherimeutrinoanomaliedixesthe allowedrangesof themixing anglef; 2, 623. The
phases, A1 A2 remainundeterminedThephases\; » arenotprobedn neutrinooscillation
experimentsbut they governleptonnumberviolating phenomenag.g. leptonasymmetry
[45] which maybe producedby thedecayof a RH neutrinoin the earlyuniverse.

The masshierarchiesdisplayedin eq. (14) are consistentwith either of the mixing
patternsn eqs(21), (22). In contrastthe possibility B is considerablyconstrainedf the
(common)almostdegeneratanassmy is of O(eV). This comesfrom the obsened limit,
< 0.2eV, ontheeffective massmes seenin theOv S8 decay In particulay
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e theSAMSW solutioncorrespondingo thematrix (21) is inconsistentvith this limit.

e If Ain eq.(22)is zerothencommonmassmg ~ 2eV canbe consistenwith the
limit onmeg [43] only for Ay — Ay — & ~ 7 and

sin? 26, > 0.99.

This makesLAMSW solutionalsodifficult andonly the VO solutionmay be per
mittedin this case.

e For A ~ 1, theschemeB allows boththe LAMSW andVO solution.

ThepossibilityC, eq.(16),goesmorenaturallywith LAMSW or the VO solutionfor the
solarneutrinoproblemandhencewith the mixing matrixin eq.(22). In particular explicit
realizationof this possibilitydisplayedn eq.(17) implies A = 0 andf;2 = 6.

4. Theoretical realizations

We now discusspossiblerealizationsof the abore mentionedmassand mixing patterns
amongthe threeneutrinos.Many differentpossibilitieshave beenput forwardin the con-

text of thecorventionaimechanism$or neutrinomassgeneratiortdiscusseth theprevious
section.We shallbe specificandrestrictoursehesto thosepossibilitieswhich alsoaccom-
modateswell-motivatedtheoreticalassumptionr expectationslike supersymmetror

guarkleptonsymmetryetc.

Grandunifiedseesawnodel Thehierarchicaheutrinomassesvith hierarchiegletermined
by the (up) quarkmassis one of the main featuresof this classof models. The simplest
versionof this schemewill alsorelatethe leptonicmixing matrix U to the standardCKM
matrix. Howeverthereexist numberof waysexemplifiedby large classof modelsin which
one couldretainthe basicquarklepton symmetryandstill getthe large leptonicmixing.
Thesehave beensummarizedn [3] andwe mentionsomeof thesein thefollowing.

The neutrinomasspatternobtainedin the simplestSO(10)type of modelssimultane-
ouslyaccountdor the vacuumsolutionsto neutrinoanomaliesince

Ag Me 4 -8

AL N(mt) ~107°. (23)
Thecorrectvaluefor A 4 canbereproducedf the RH neutrinomassscaleis takenaround
the grandunificationscale. The sees& modelwith intermediatemassegor the RH neu-
trinos caneasilyaccountfor the dark matterandthe atmospherimeutrinoscaleasexem-
plified in eq.(10). Seesw modelcanalsoaccommodatsecenariosvith almostdegenerate
masse$#f neutrinomassesredescribedy eq.(3). Naturalexpectationin this cases [30]

2
As (%) ~ 104 (24)

myg

which simultaneouslyncorporateshe MSW mechanisnanda solutionto theatmospheric
neutrinoanomaly
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It shouldbe emphasizethatthe seesev modelwhich reproduceshe massrelation(23)
cannotin its simplestversionaccountfor the large mixing angle. This requireseither
departuregrom the relationmp = my or texturein the RH masses.Doing this would
changethe predictedmassrelation (23) itself. It is possibleto obtaina mixing pattern
differentthanin quarksectorby addingadditionalsingletneutrino[11] ata high scale.A
concreteexamplewhichretainspredictionin eq.(23) but alsohaslargemixing is presented
in[12].

Seesw neutrinomassesanbe generatedn SU(5) GU modelalsoif additionalheary
SU(5) RH neutrinosare added. Unlike in caseof SO(10),the existenceof the RH neu-
trinos doesnot follow from grouptheoreticalargumentsbut the resultingschemds less
constrainec&ndcanaccommodaté&rge mixing naturally[3,10].

SU(5)theorycanleadto seesw type massrelationevenin the absencef the RH neu-
trinos provided a (heavy) 15-pletHiggs, A is introduced. A coupling 555515y in the
scalarpotentialinduces[46] a very smallvev of ~ O(m3,/Mgy) for the triplet Higgs.
As a consequencdhe neutrinomassesre ‘seesa&’ suppresseth thesemodelsevenin
theabsencef the RH neutrinos.It is possibleto build arealisticmodel[17] implementing
this scenaricandaccountingor parameterseededo explain neutrinoanomalies.

Radiativemedanisms Many differentversionsof the radiatve schemesave beenpro-

posedn thecontext of theminimal framework. It hasbeenargued[47] thatZeemodelcan

leadto the simultaneousolutionof the solarandthe atmospherimeutrinosonly if addi-

tional L, — L, — L, symmetryis imposed.In the presencef this symmetry Zeemodel

canaccounffor the bimaximalpatternaswell asthe atmospherienassscaleswith proper
(andnot very unnatural)choiceof its parameterslt cannotaccountfor the solarneutrino

deficit. It is possibleto adda doubly chagedHiggs[14,15]to the modelin a way which

accountgfor massscalesand mixing anglesneededo understandolarandatmospheric
anomalieg18].

Radiatve modelshave alsobeenusedto understandgmallnes®f masssplittingsamong
neutrinosratherthanthe massesBasicideais to obtain small and degeneratanassest
treelevel throughsomesoftly brokensymmetry[17,19]. This cangeneratanasssplitting
radiatively. Advantagehereis that the masssplitting is calculableif the symmetryin
guestionis brokensoftly. Realisticmodelswhich offer asimultaneousolutionto thesolar
andatmospherimeutrinoanomaliehave beenpresentedecently[17,19].

5. Going beyond minimal structure: Sterile neutrino

Therearethreepossiblemotivationsto adda light sterileneutrinoto the minimal scheme
discussedbove.

e Justthreeneutrinosare not enoughto provide threedifferent (massj differences
A4, Ag andthe Apgnp correspondingo the scaleof the v, — v, oscillationsre-
portedby the LSND experiment.

o Sterilestatemay be neededrrespectve of the LSND resultif neutrinosareto pro-
vide the hot dark matterandif the degeneratespectrumis not supportecby future
neutrinolessloublebetadecayexperiments.
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e Theoretically a sterile neutrino provides an attractve meansto understandarge
mixing without sacrificingtheideaof quarkleptonsymmetry[48].

Massesandmixingin four neutrinoframevork: Introductionof a sterileneutrinoopensup
mary differentpossibilitiesfor mixing betweerthe sterileandthe active states.The neu-
trino masshierarchyis quiterestrained49] if onewantsto incorporateheLSND resultsin

additionto solvingthe solarandatmosphericeutrinoproblems.Two simplepossibilities
which find naturalrealizationin the grandunified frameawork arethefollowing:

(a) Solarneutrinodeficitis dueto v. — v, oscillations[50]. Thev, — v, mixing canoffer
a solutionto the atmospherimeutrinothroughscheme(A) in eq. (7) if their massesare
hierarchicalor throughschemgB), eq.(8) with almostdegeneratenassesSmallmixture
of v, with v, — v, systemcanaccountor theLSND resultsin the latter case[50].

(b) v, mixesstronglywith v, to accountfor the atmosphericieutrinoanomaly The solar
neutrinoproblemcanbe solved by mixing of the v, with v,,, v, [51]. v, in this caseplay
therole of providing hot dark matter Solutionto the LSND resultcannotbe achievedin

this case.Sucha scenariacanberealizedin seesav modelwith intermediatanasse$51].

Alternatively, thesolaranomalymayberesolheddueto v, — v, oscillations.This scenario
alsoincludesan explanationof the LSND resultandcanbe naturallyincorporatedn the
GU seesw modelwith all the RH neutrinomassestthe GU scale[48].

Thegaugesymmetrieof the SM cannotprotectthe massof a sterilestate.Henceunder
standingof smallmassof the sterilestateposesa moreacuteproblemthanunderstanding
theorigin of the smallneutrinomasscomparedo otherfermions.Onecouldimposesome
chiral symmetryassociatedvith sterilestateto forbid its mass.But thejustificationof the
very existenceof this symmetryandsterilestateitself needso beprovided. Threedifferent
mechanisméave beenproposed.

e IncompleteseesawThis mechanisniollows within the corventionalsees& model.
If the RH matrix Mg in eq.(1) is singularthenthe seesa mechanisms incomplete
and one of the RH neutrinosremainslight. Typical massfor this is however of
O(mp). Thusthis mechanisntannotprovide the sterile stateneededo understand
neutrinoanomalyunlesssomefine tuningis done[52]. It canhowever provide the
warmdarkmattercandidate.

e Mirror world: If onepostulateghe existenceof a mirror world [53] which s repli-
cationof the standardnodelwith its own mirror gaugeinteractionsthenthe mirror
neutrinosbehae assterile neutrinoswith respecto the normalgaugeinteractions.
Mixing betweertwo worldscanoccurthroughgravitationalinteractionsViablesce-
nariosinvolving this alternatve arediscussedn [53]. They requirethatthe SU(2)
symmetryin themirror sectorshouldbe brokenat somavhathigherscalethanin the
visible sector

¢ Quasigoldstongfermion: Supersymmetrynay provide a viable explanationfor the
lightnessandthe existenceof a sterile state. If MSSM is extendedby imposinga
U(1) PecceiQuinn symmetryto solve the strong CP problemthenthe supersym-
metric partnerof theaxioncanbeanideal candidateo describethe sterileneutrino.
The breakingof R parity cangeneratemixing betweenthe active andsterile states
in this picture. The massof the sterile statecan be protectedeven after breaking
of supersymmetrjn a numberof situationsbasedon supegravity [54] or on gauge
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interactioninducedSUSY breaking[55]. Sucha scenariocanalsobe realizedin
string basedmodels[56]. It is possible[54] to realizeeitherthe scheme(a) or (b)
discussebove usingthis approach.

Lastly, several radiatve models[57] incorporatinga sterile neutrino have also been
proposed. Thesemodelsinvoke a sterile stateand additional symmetrywhich keepsit
masslessThe massfor the sterile stateandits mixing with active neutrinosis generated
radiatively usingsingly anddoubly chagedHiggsscalars.

6. Summary

The presentlyavailable information on the solar and the atmospherimeutrinosis fully

consistentvith the standardgicturewith only threelight neutrinogmixing with eachother
The masseandmixing requiredto understandhesedatafollow differentpatternthanin

thequarksector Butit is possibleo understanthesewithin corventionalideasof neutrino
massgeneratiorlike quark lepton symmetry supersymmetnetc. It is quite difficult to
decideat this stagewhich of the popularscenarioss more appropriateén describingthe
data.

At the phenomenologicdevel, four differentmasspatternseqs(14)—(16)andtwo mix-
ing patternseqs(21), (22) describethe data. Onewill be ableto fix the mixing pattern
oncethe correctsolutionfor the solarneutrinoproblemis identified. The diagnostictools
neededfor this purposeare the study of the recoil enegy spectrum,the day—nightand
seasonavariationof theflux andthe zenithangledependencef the eventsaveragecover
theyear The presentinformationis inconclusve and differentdatasetfavour different
possibilities[36].

The otherkey questionis to determinethe presencef a sterileneutrinointo spectrum.
This crucially depend®n the verificationof the LSND resultin experimentlik e the Mini-
Boon[58]. The presencef largev,, — vs mixing canbe detectedat the superKamioka.
Suchmixing will reduce[36] the numberof pionsproducedn thereactionvN — vN7°
comparedo thev,, — v, oscillations.The presentlyavailableinformationis inconclusie
dueto large systematicerrors. The zenithangledistribution of the high enegy eventsis
differentin caseof thev,, — v, andv, — v, mixing andthe presentlataseemto favour the
formerat 2o level [36].

In summarywhile differentpossibilitiesstill exist, informationon the neutrinomasses
andmixing hasbecomemorefocusedhow thanfew yearsago. More datain presenexper
imentsandthe new experimentdor the solarneutrinosandthelong baselineexperiments
will be a positive stepin the directionof sharpeninghe knowledgeof the neutrinospec-
trum further
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