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Abstract. The observed deficits in the solarandatmosphericneutrinofluxesalongwith the ac-
celeratorresultson neutrinooscillationssignificantlyconstrainpossiblemassandmixing patterns
amongneutrinos.We discusspossiblepatternsemerging from theexperimentalresultsandreview
theoreticalattemptsto understandthem.
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1. Introduction

Theprecisionresultson thedeficit in themuonneutrinosof atmosphericorigin obtained
at super-Kamioka[1] mayberegardedasconfirmationof thelong standingsuspicionthat
theneutrinohasa mass[2]. Themostlikely interpretationof theseresultsis thatat least
oneneutrinois massive. Resultsfrom differentsolarneutrinoexperimentstakenovermany
yearsarequitecompellingfor assumingthatonemoreneutrinois massive. Themassscales
probedin thesetwo setsof experimentsarequitedistinct[3]. Importantinformationonthe
neutrinospectrumis alreadyprovidedby thepresenceof thesetwo distinctscales,by the
mixing patternsrequiredto understandneutrinodeficitsandby thenegativesearchresults
of thelaboratoryexperiments,notablyatCHOOZ[4]. This informationcanbejudiciously
combinedwith thewell-motivatedtheoreticalassumptionsto arrive at constrainedpicture
for neutrinomassesandmixing. We wish to review recentdevelopmentsin constraining
neutrinomassesand mixings and discussmost likely scenariosemerging as a result of
theseattempts.

We summarizethesalientfeaturesof thewell-known neutrinomassgenerationmecha-
nisms[2] in thenext section.Thenwe discussthepatternsof neutrinomassesandmixing
neededin order to understandthe solarandatmosphericdeficits in termsof oscillations
betweenthreeneutrinos.In � 4, we discusshow far themodelsof � 2 canaccommodatethe
neutrinospectrumsuggestedin � 3. Thenext sectiondiscussesconsequencesof addinga
fourth light neutrinoin thespectrum.Summaryis givenin � 6.
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2. Neutrino mass generation: Theoretical summary

The gaugesymmetryandthe mattercontentof the standardmodel(SM) doesnot allow
neutrinoto have any mass.It is possibleto extendtheSM in a way that leadsto neutrino
masses.Someof theseextensionssuchasSO(10)andsupersymmetry(SUSY)aremoti-
vatedfor reasonsdifferentfrom neutrinomasseswhile somehave beenproposedwith a
desireto incorporateneutrinomassin thestandardpicture. Differentmechanismsfor the
neutrinomassgenerationarequitewell-known [2] andwe summarizethesalientfeatures
of thesebelow. All thesemechanismsshareacommongoalof explainingthesmallnessof
neutrinomassesin comparisonto massesof thechargedfermions.

Seesawmodel: In this mechanism[5], the light neutrinosobtain their massesthrough
couplingsto heavy right handed(RH) neutrinos.Theneutrinomassmatrix in thesemodels
is givenby �������	��

������ ���
�� (1)

TheDirac mass� 
 couplesthelight neutrinosto RH neutrinosandthemassmatrix � �
for the latter suppressesthe light neutrinomassescomparedto typical scalespresentin��
 . Thequarkleptonsymmetryinherentin grandunifiedmodelssuchasSO(10)makes
theidentificationof ��
 with the(up)quarkmassmatrix natural.As a result,not only the
overallscalebut eventhehierarchyamongtheneutrinomassescanbeapredictionin such
theories.Thesimplestversionof SO(10)identifies ��
 with theup quarkmassesandthis
supplementedwith theassumptionof a diagonal� � implies the following massrelation
amongthethreeneutrinomasses��� :� ��� ��� � ��� ��� � �� � � � � � � �� � (2)

Theoverallscaleof thesemassesis setby the(common)RH neutrinomass� whichbreak
the � �! symmetry. If � is nearthegrandunification(GU) scale,then ��� is aroundthe
scaleprobedin atmosphericneutrinoexperiments.Alternatively, if the � �" symmetryis
brokenatanintermediatescale,�#��$&% � ��')(+* then ���)� O(eV)canprovidethecosmic
darkmatterscale[6].

The genericseesaw modelbasedon the left right symmetryalsoleadsto direct majo-
ranamasses��,-, for the left handedneutrinosthemselves[2]. As a result,the following
equationdescribesneutrinomassesin thesetheoriesinsteadof eq.(1):�����.��,-,"�/��

� ���� ���
0� (3)

Theoverall scaleof � ,-, is inverselyrelated[2,7] to thescaleof the � �1 breakingas
in thesecondterm.But thestructureof ��,-, is notexpectedto berelatedto otherfermion
masses.

The simplestversionof SO(10)would alsoimply small mixing anglesin the leptonic
sectorasin theCabibboKobayashiMaskawa(CKM ) matrix. It is howeverpossibleto ob-
tain very differentleptonicmixing matrix without sacrificingthequarkleptonsymmetry.
This canbe doneif � � hasnon-trivial texture [8]. Large mixing canalsoco-exist with
SO(10)symmetryif neutrinomassesaregivenby eq. (3) insteadof eq.(1) [9]. Alterna-
tively, it is possibleto obtainlarge(small)mixing amongthe left handedchargedleptons
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(down quark)in thecontext of theSU(5)models[3,10]. Onecanalsoimagineextensions
of thegrandunifiedpictureto obtainlargemixing [11,12]. A comprehensivesummaryof
differentpossibilitiesis givenin [3].

Radiativelygenerated neutrino masses: It is possibleto imagineextensionsof the SM
in which lepton numberviolation occursbut oneor more neutrinosremainmasslessat
treelevel. If thesemassesarenot protectedby any othersymmetrythenthey would be
generatedradiatively. They arecalculableandsmall in this case. This scenariocanbe
implementedby extendingthe fermionic sector[13] or by extendingthe Higgs sectorof
the SM [13–15]. This mechanismhasthe advantageof explaining smallnessof neutrino
masswithout invokingheavy scalesasin theseesaw model.Many of theradiativeschemes
[13] arebasedon theZeemodel[14] which invokesa chargedsingletHiggsandanextra
doubletHiggs. Thechargedleptonmassesinducethe neutrinomassesradiatively in this
modelandtheneutrinomassis typically given(assumingthatthescaleassociatedwith the
new physicsis alsotheweakscale)by����� 2 � �3$5476 � �98 � (4)

Thus � 3 �:��; and 2 �<$&% �>= canaccountfor themassesassmallasrequiredto explain
the atmosphericanomalies.Differentversionsof this mechanismhave beenproposedin
recentyears[16–18] to accountfor neutrinoanomaliesandwewill summarizethemin the
next section.

Supersymmetryandneutrinomasses: Supersymmetricextensionof theSM automatically
containsleptonnumberviolation andhencethe sourceof neutrinomasses.This comes
dueto the presenceof additionalscalarsandfermionsin this model. The leptonnumber
violation comesfrom the following terms in the superpotentialwritten in the standard
notation[20]:?A@CB �D E�GFH�EI9JLK�NMPO  Q�SR�M5TVUO I1JW�NMPOX E�D YM+Z �O � (5)

Thetermlinearin  E� inducesvacuumexpectationvalue( []\&[ ) for thescalarpartner(sneu-
trino) of neutrino.Thismixesneutrinoswith neutralinos.If thesneutrinovev is suppressed
thenneutrinosacquireseesaw type mass[21]. Onecombinationof neutrinosobtainsits
massthisway. Theotherscanobtaintheirmassesradiatively [22] through1-loopdiagrams
involving scalarpartnersof the ^ -typequarksandchargedleptons.This mechanismthus
combinesboththepreviousmechanisms.

The supersymmetryprovides particularly interestingand economicalframework for
neutrinomassesin thecontext of theminimalsupergravity theory[23,24]or in thecontext
of theoryinvolving SUSY breakingby gaugeinteractions[25]. If

B � arethe only source
of leptonnumberbreakingthenneutrinomassesgetdirectly linkedto thechargedlepton
andthedown quarkmassesin suchtheories.In fact theparameters

B � becomeunphysical
in the limit of taking the chargedleptonanddown quarkmassesto zero[23]. As a con-
sequence,all theeffectsassociatedwith leptonnumberviolation aresuppressedby these
masses.This hasthreeadvantages:(i) The neutrinomassgetssuppressedcomparedto
typical weakscalesin the theory, e.g. for

B �	�`_:�a$&%b% ')(5* onegetsneutrinomassin
thekeV–MeV range,(ii) neutrinosobtainhierarchicalmassesand(iii) neutrinomixing is
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determinedby theratiosof
B � for a largerangein theSUSYparameterspace[23,25]. As a

result,largeneutrinomixing becomesnaturalin thesetheoriesin spiteof thehierarchical
neutrinomasses.Detailedpatternsof neutrinomassesbasedoneq.(5) areworkedout in a
numberof papers[23–26] andhavebeensummarizedin this issue[27]. Weshalltherefore
not discussthis scenarioany further.

Higherdimensionaloperatorsandflavoursymmetry: Thisapproachusesthebasicmecha-
nismdueto FroggattandNielson[28]. In thisapproach,thelight fermionmassesandtheir
mixing arisefrom effective non-renormalizableoperatorswhich would ariseaftersponta-
neousbreakingof aU(1) flavor symmetryataveryhighscale�0� by thevev of asinglet
field c . Theoccurrenceof smallparametersin thetheoryis explainedin this approachin
termsof asmallparameterdDcXegf � . Thedetailedtexturesof fermionmassesaredetermined
by theU(1) chargesof thefermionicgenerations.Varietyof schemesusingthismechanism
havebeenusedto understandthequarkspectrum.Thefamily quantumnumbersconsistent
with therequiredquarkspectrumcanalsobeusedto constrainneutrinomasses.It is pos-
sible to utilize this approachto understandneutrinomasshierarchyandin particularthe
largemixing angles.We referto [3,29] for moredetailsandoriginal references.

3. Experimental implications within the minimal framework

We shallconfineourselvesin this sectionto theminimal framework involving threeactive
neutrinosh7ikjDl @ \nm _ mpoWq . This framework is sufficient to accountfor thesolaraswell
asatmosphericanomalies.It canalsoallow neutrinosto provide significantcomponent
in thedarkmatterprovidedthey arenearlydegenerate[30]. Theonly directexperimental
indicationin favour of thenon-minimalframework with morethanthreeneutrinoscomes
from theLSND experiment[3]. We shalldiscussthiscasein thenext section.

Atmosphericneutrinoanomaly: Theoscillationsof themuonneutrinosappearto bemost
likely explanationof theobserveddeficitsat thesuper-Kamioka. Thedatamoreoveralso
imply that h7r oscillatesto h ; in the context of the minimal framework [31–33] with the
following parameters$&% � � (5* ��s.tvuwsyx�z $5% � � (5* �% � x 4 s:{g|~} ��� c u�s $ � % m (6)

where
tvu mpc u refer to (mass)

�
differencesand mixing among h�r�mPh ; . The above con-

straintsallow two possibilitiesjS��q � � s � � ��� t u � (7)jD�	q �����:����� � tvu���t �g�)�.� �� ��� �� � � tvu � (8)

Thecanonicalpossibility (A) hasthe advantagethat the secondmasscouldbechosenin
therangerequiredfor solutionto thesolarneutrinoproblem.It hasthedisadvantagethat
oneneedsto invoke additionalneutrinoin order to get significantdark matter[6] in the
universe.In comparison,thepossibility(B) providesthedarkmatterin theuniverseeasily
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but canleadto theobservedsolardeficit only if all threeneutrinosarealmostdegenerate.
In eithercase,onecouldexplainall neutrinoanomaliesif additionalsterilestateis invoked.

The simultaneousrequirementof the large mixing andhierarchicalmassesforcesthe
following genericform for the

�V�/�
neutrinomassmatrix in thebasiswith thediagonal

chargedlepton:� � ��� t u� � $�$$�$�� � (9)

SUSY theory with bilinear � violation provides a simple realization of this scheme
[23–25]. Seesaw modelwith only oneRH neutrinocouplingto light neutrinosgivesan-
otherexampleof this matrix [34]. Theform (9) canalsobeobtainedin a radiative model
[16] usingtheZeetypemechanism.

Theform in eq.(9) hasbeenobtainedassumingthat thethird neutrinodoesnot couple
significantlyto h�rn� ; . Thelargecouplingwith thethird generationcanallow oneto realize
thepossibility (A) andlargemixing without [35] the

���!� h r � h ; block displayingthe
structureasin eq.(9).

Possibility (B) seemsmoreconstrainedand in generalwould requireadditionalsym-
metriesto understandneardegeneracy of neutrinomasses.However suchsymmetryin
the effective massmatrix for two light neutrinosmay follow accidentallyeven whenthe
underlyingtheory doesnot possessspecificsymmetry. An exampleis provided by the
conventionalseesaw model.Assumethatthe

�v���
matrix � � is of theFritzchform, i.e.� � @ � % �� � K � �

Then ��
 @ ��� leadsto� ��� $� � � � � � � K �	� � � � ��	� � � � � % � � (10)

The � � above is not invariantunderany combinationsof  r and  Q; . Still the effective
massmatrix

� � for light neutrinosobtainedfrom this � � displaysanapproximate r � E; symmetrywhen ����� K . In fact,thechoice ����� K ��$5% �g� ')(5* simultaneously
leadsto (1) almostdegeneratemassesin the

(5*
range(2) splittingbetweenthesestatesat

the atmosphericneutrinoscale
t�u

and(3) almostmaximalmixing betweenthe relevant
states.This simpleexamplebasedon realisticassumptionsthusillustratesthat it is quite
easyto obtain large mixing and a solution to the atmosphericneutrinoanomalyin the
conventionalseesaw model.

Combinedsolutionsfor thesolar andatmosphericneutrinoanomalies: Unlike in thecase
of atmosphericneutrinos,demandinganoscillationsolutionto thesolarneutrinoproblem
doesnotcompletelyfix therangesof theallowedneutrinoparametersasthesolarneutrino
problemcanbesolvedin morethanonewaysthroughneutrinooscillations.Threedifferent
possibilitiesexist which explain the presentlyavailableresultson the solarneutrinosbut
differ in their predictionsfor theexperimentallymeasurableparameterslike distortionof
theneutrinoenergy spectrum,day–nightasymmetryin theneutrinoflux andtheirseasonal
variationsetc[36]. Theparameterrangesrequiredaccordingto theanalysisin [37] are:
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AnjanSJoshipura� z $5% ���P� (5* ��sytH ¡s � z $5% ���£¢ (+* �% � 4 � s1{g|~} �¤� c  �s $ � % j *�¥ q¦m (11)§ z $&% �>¨ (5* ��s:t   s1©�z $5% ��¨ (+* �$&% � � sy{p|�} �ª� c  �s $&% � � jG«¬��­�«]®<q¦m (12)� z $&% �>= (5* ��s.t   s � z $5% ��¯ (+* �% � 4 � s:{p|�} �ª� c   s % � © � jS°ª��­!«]®±q � (13)

The
tH  mpc   abovereferto the(mass)

�
differenceandmixing amongtwo neutrinospartic-

ipatingin thesolarneutrinooscillations.Thethreedifferentpossibilitiescorrespondto the
vacuum[38] oscillations(VO), small angleMSW (SAMSW) andthe large angleMSW
(LAMSW) solutions[39] to thesolarneutrinoproblem[37].

Solutionof thesolarneutrinoproblemcanbeincorporatedin schemesA andB discussed
in theearliersection.Thethird neutrinocanbeaddedto theschemeA with two different
masshierarchies:jD� $ q � � �C� ��² � � �jD� � q � � ² � ��² � � m (14)

while possibilityB canbeextendedto includethesolarneutrinoproblemonly if thethird
massstateis alsoalmostdegenerate[30] with thefirst two, i.e.jD�	q � � �C�����C����� � tvu��¡t �P��� tvu³�Pt � � � t   � (15)

In additionto thesethreepossibilities,a fourth possibility exists [35] which is a genuine
threegenerationpossibility. This correspondsto two of the neutrinoshaving massat the
atmosphericscaleand(mass)

�
differenceat thesolarscale,i.e.jG´µq � � �C����� � t�u �¶���9· |~¸g¹ºt � ��� t   � (16)

This schemeseemsto requiresomewhatunconventionalmasshierarchybut it is neverthe-
lessinterestingasit canbeargued[35,40]to follow from asymmetrynamely ¦»7�� r �) Q; .
Impositionof this symmetryimpliesthefollowing texturefor theneutrinomassmatrix:� tvu<¼½¾ % ¿+À { c {p|�} c¿+À { c % %{g|~} c % %ÂÁ+ÃÄ � (17)

This structuregivesriseto themasspatterndisplayedin eq.(16) to zerothorder. In addi-
tion, it canprovide largeanglesolutionto theatmosphericneutrinoanomalyif c � § �bÅ .
Very smallbreaking[17,18,40]of the  Q»¦�� r �/ Q; symmetrycanleadto a solutionof
thesolarneutrinoproblemin thisscheme.

Mixing patterns: The allowed mixing amongthreegenerationsis very significantlycon-
strainedif boththeneutrinoanomaliesareto besolved[3]. Themixing matrix relatingthe
flavour l @ \nm _ mpo andmassÆ @ $ m � mgÇ eigenstatescanbewrittenasfollows:
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Neutrinospectrumfromtheoryandexperimentsh7i @±È i � h � � (18)

After appropriateredefinitionof the charged lepton states,the matrix
È

containsthree
mixing anglesandthreephysicalphasesandcanbeparameterizedas[41]ÈÉ@É? �g� jÊc �P� q ? � � jÊc � � q ? � � jÊc � � ( �~Ë q£ÌÍj JW� q¦m (19)

where ÌÍj J � q @ diag.j ( ��Î�Ï m ( �ÐÎ5Ñ m $ q ; ? �ÒM denotecomplex rotationin the ÆÔÓ plane. For ex-
ample, ? � � jDc � � ( ��Ë q � ¼½¾ Õ � � Ö � � ( � ��Ë %� Ö � � ( ��Ë Õ � � %% % $�Á ÃÄ � (20)

The × in theaboveequationis analogousto theKobayashiMaskawaphasewhile J � � � arise
dueto Majorananatureof neutrinos.

The non-observationof the Øh » oscillationsat CHOOZ placesan importantconstraint.
This resultrequires[4]Ù È »Ú� Ù s % � $ ÛÊÀbÜ t � ��Ý $5% � � (+* � �
Thefollowing two possiblemixing patternsemergewhentheconstraintfrom CHOOZis
imposedon

È
. Thesecanbewrittenasfollows to leadingordersin relevantparameters:È  VÞ ¼½¾ $ J � ( ��Ë ß J� ß J Ö&�P� I1à j J � q Õ �P� Ö&�P� I9à j J � q� ß J Õ �g� I9à j J � q � Ö5�P� Õ �g� I1à j J � q Á+ÃÄ ¼½¾ ( ��Î�Ï % %% ( ��Î&Ñ %% % $ Á+ÃÄ m

(21)

È , Þ ¼½¾ Õ � � Ö � � (5��Ë ß J� Ö � � Õ �g� ( � ��Ë Õ � � Õ �g� Ö �P�Ö � � Ö �P� ( � ��Ë � Õ � � Ö �P� Õ �P��Á+ÃÄ ¼½¾ (&��Î�Ï % %% ( ��Î&Ñ %% % $
Á+ÃÄ � (22)

In theaboveequation,J��.% � � and
ß �0à j $ q . The Ö � � in eq.(22) is largeandaccountsfor

eithertheLAMSW or VO solution. Theform (21) appliesonly to theSAMSW solution.
Interestinglyenough,thisform canalsobecharacterizedby theWolfensteinparameter[42]J dueto fortuitousresultthat

Ù È »Ú� Ù s J andsmallangleneededfor theSAMSW solution
is �CJ � . But thedetailedform of

È
in termsof thisparameteris characteristicallydifferent

from theanalogousCKM matrix. Equation(22) reducesto thebimaximalmixing [44] ifÖ � � @ �á � and
ß @ % . Note thatdemandinga simultaneoussolutionto thesolarandthe

atmosphericneutrinoanomaliesfixestheallowedrangesof themixing anglec � � mgc �g� . The
phases×7m J � J � remainundetermined.ThephasesJ � � � arenotprobedin neutrinooscillation
experimentsbut they governleptonnumberviolating phenomena,e.g. leptonasymmetry
[45] which maybeproducedby thedecayof aRH neutrinoin theearlyuniverse.

The masshierarchiesdisplayedin eq. (14) are consistentwith either of the mixing
patternsin eqs(21), (22). In contrast,thepossibilityB is considerablyconstrainedif the
(common)almostdegeneratemass� ¢ is of O(eV). This comesfrom the observed limit,s % � � (+* , on theeffectivemass�"âäã seenin the % h¬å�å decay. In particular,
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AnjanSJoshipuraæ theSAMSWsolutioncorrespondingto thematrix(21) is inconsistentwith this limit.æ If
ß

in eq. (22) is zerothencommonmass� ¢ � � (+* canbe consistentwith the
limit on �"âäã [43] only for J � ��JL�
� × �:6 and{p|�} �¤� c � � Ý % � ©b© �
This makesLAMSW solutionalsodifficult andonly the VO solutionmay be per-
mittedin this case.æ For

ß �<$ , theschemeB allowsboththeLAMSW andVO solution.

ThepossibilityC,eq.(16),goesmorenaturallywith LAMSW or theVO solutionfor the
solarneutrinoproblemandhencewith themixing matrix in eq.(22). In particular, explicit
realizationof this possibilitydisplayedin eq.(17) implies

ß @ % and c � � @ c .
4. Theoretical realizations

We now discusspossiblerealizationsof the above mentionedmassandmixing patterns
amongthethreeneutrinos.Many differentpossibilitieshave beenput forwardin thecon-
text of theconventionalmechanismsfor neutrinomassgenerationdiscussedin theprevious
section.Weshallbespecificandrestrictourselvesto thosepossibilitieswhichalsoaccom-
modateswell-motivatedtheoreticalassumptionsor expectationslike supersymmetryor
quarkleptonsymmetryetc.

Grandunifiedseesawmodel: Thehierarchicalneutrinomasseswith hierarchiesdetermined
by the (up) quarkmassis oneof the main featuresof this classof models.The simplest
versionof this schemewill alsorelatetheleptonicmixing matrix

È
to thestandardCKM

matrix. Howeverthereexist numberof waysexemplifiedby largeclassof modelsin which
onecould retainthe basicquarkleptonsymmetryandstill get the large leptonicmixing.
Thesehavebeensummarizedin [3] andwe mentionsomeof thesein thefollowing.

The neutrinomasspatternobtainedin the simplestSO(10)type of modelssimultane-
ouslyaccountsfor thevacuumsolutionsto neutrinoanomaliessincetH t�u � j � �� � q ¯ ��$&% �>ç � (23)

Thecorrectvaluefor
t u

canbereproducedif theRH neutrinomassscaleis takenaround
thegrandunificationscale.Theseesaw modelwith intermediatemassesfor theRH neu-
trinoscaneasilyaccountfor thedarkmatterandtheatmosphericneutrinoscaleasexem-
plified in eq.(10). Seesaw modelcanalsoaccommodatescenarioswith almostdegenerate
massesif neutrinomassesaredescribedby eq.(3). Naturalexpectationin this caseis [30]t  t u �éè � �� �bê � ��$5% �L¯ (24)

whichsimultaneouslyincorporatestheMSW mechanismandasolutionto theatmospheric
neutrinoanomaly.
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It shouldbeemphasizedthattheseesaw modelwhich reproducesthemassrelation(23)
cannotin its simplestversionaccountfor the large mixing angle. This requireseither
departuresfrom the relation ��
 @ �¡� or texture in the RH masses.Doing this would
changethe predictedmassrelation (23) itself. It is possibleto obtain a mixing pattern
differentthanin quarksectorby addingadditionalsingletneutrino[11] at a high scale.A
concreteexamplewhichretainspredictionin eq.(23)but alsohaslargemixing is presented
in [12].

Seesaw neutrinomassescanbegeneratedin SU(5)GU modelalsoif additionalheavy
SU(5) RH neutrinosareadded.Unlike in caseof SO(10),the existenceof the RH neu-
trinos doesnot follow from grouptheoreticalargumentsbut the resultingschemeis less
constrainedandcanaccommodatelargemixing naturally[3,10].

SU(5)theorycanleadto seesaw typemassrelationevenin theabsenceof theRH neu-
trinos provided a (heavy) 15-pletHiggs,

t
is introduced. A coupling

�7ë��7ë $ ��ë in the
scalarpotentialinduces[46] a very small [n\&[ of �ìà j � � 8 f ��í�î q for the triplet Higgs.
As a consequence,the neutrinomassesare ‘seesaw’ suppressedin thesemodelseven in
theabsenceof theRH neutrinos.It is possibleto build arealisticmodel[17] implementing
this scenarioandaccountingfor parametersneededto explainneutrinoanomalies.

Radiativemechanisms: Many differentversionsof the radiative schemeshave beenpro-
posedin thecontext of theminimal framework. It hasbeenargued[47] thatZeemodelcan
leadto thesimultaneoussolutionof thesolarandtheatmosphericneutrinosonly if addi-
tional  » �� r �� ; symmetryis imposed.In thepresenceof this symmetry, Zeemodel
canaccountfor thebimaximalpatternaswell astheatmosphericmassscaleswith proper
(andnot very unnatural)choiceof its parameters.It cannotaccountfor thesolarneutrino
deficit. It is possibleto adda doublychargedHiggs[14,15] to themodelin a way which
accountsfor massscalesandmixing anglesneededto understandsolarandatmospheric
anomalies[18].

Radiativemodelshavealsobeenusedto understandsmallnessof masssplittingsamong
neutrinosratherthanthe masses.Basicideais to obtainsmall anddegeneratemassesat
treelevel throughsomesoftly brokensymmetry[17,19]. This cangeneratemasssplitting
radiatively. Advantagehere is that the masssplitting is calculableif the symmetryin
questionis brokensoftly. Realisticmodelswhichoffer asimultaneoussolutionto thesolar
andatmosphericneutrinoanomalieshavebeenpresentedrecently[17,19].

5. Going beyond minimal structure: Sterile neutrino

Therearethreepossiblemotivationsto adda light sterileneutrinoto theminimal scheme
discussedabove.æ Justthreeneutrinosarenot enoughto provide threedifferent (mass)

�
differencest u m tv  andthe

t�ïbðòñ>ó
correspondingto the scaleof the h r � h » oscillationsre-

portedby theLSND experiment.æ Sterilestatemaybeneededirrespective of theLSND resultif neutrinosareto pro-
vide the hot darkmatterandif the degeneratespectrumis not supportedby future
neutrinolessdoublebetadecayexperiments.
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AnjanSJoshipuraæ Theoretically, a sterile neutrinoprovides an attractive meansto understandlarge
mixing withoutsacrificingtheideaof quarkleptonsymmetry[48].

Massesandmixingin four neutrinoframework: Introductionof asterileneutrinoopensup
many differentpossibilitiesfor mixing betweenthesterileandtheactive states.Theneu-
trino masshierarchyis quiterestrained[49] if onewantsto incorporatetheLSND resultsin
additionto solvingthesolarandatmosphericneutrinoproblems.Two simplepossibilities
which find naturalrealizationin thegrandunifiedframework arethefollowing:

(a)Solarneutrinodeficit is dueto h »¦� h7ô oscillations[50]. The h7r � h ; mixing canoffer
a solution to the atmosphericneutrinothroughscheme(A) in eq. (7) if their massesare
hierarchicalor throughscheme(B), eq.(8) with almostdegeneratemasses.Smallmixture
of h » with h�r � h ; systemcanaccountfor theLSND resultsin thelattercase[50].
(b) h�r mixesstronglywith h7ô to accountfor theatmosphericneutrinoanomaly. Thesolar
neutrinoproblemcanbesolvedby mixing of the h » with h r mPh ô [51]. h ; in this caseplay
the role of providing hot darkmatter. Solutionto theLSND resultcannotbeachievedin
this case.Sucha scenariocanberealizedin seesaw modelwith intermediatemasses[51].
Alternatively, thesolaranomalymayberesolveddueto h » � h ; oscillations.Thisscenario
alsoincludesanexplanationof the LSND resultandcanbe naturallyincorporatedin the
GU seesaw modelwith all theRH neutrinomassesat theGU scale[48].

Thegaugesymmetriesof theSM cannotprotectthemassof asterilestate.Henceunder-
standingof smallmassof thesterilestateposesa moreacuteproblemthanunderstanding
theorigin of thesmallneutrinomasscomparedto otherfermions.Onecouldimposesome
chiral symmetryassociatedwith sterilestateto forbid its mass.But thejustificationof the
veryexistenceof thissymmetryandsterilestateitself needsto beprovided.Threedifferent
mechanismshavebeenproposed.æ Incompleteseesaw:Thismechanismfollowswithin theconventionalseesaw model.

If theRH matrix � � in eq.(1) is singularthentheseesaw mechanismis incomplete
and one of the RH neutrinosremainslight. Typical massfor this is however of
O(� 
 ). Thusthis mechanismcannotprovide thesterilestateneededto understand
neutrinoanomalyunlesssomefine tuning is done[52]. It canhowever provide the
warmdarkmattercandidate.æ Mirror world: If onepostulatestheexistenceof a mirror world [53] which is repli-
cationof thestandardmodelwith its own mirror gaugeinteractions,thenthemirror
neutrinosbehave assterileneutrinoswith respectto thenormalgaugeinteractions.
Mixing betweentwo worldscanoccurthroughgravitationalinteractions.Viablesce-
nariosinvolving this alternative arediscussedin [53]. They requirethat the SU(2)
symmetryin themirror sectorshouldbebrokenatsomewhathigherscalethanin the
visiblesector.æ Quasigoldstonefermion: Supersymmetrymayprovide a viableexplanationfor the
lightnessandthe existenceof a sterilestate. If MSSM is extendedby imposinga
U(1) PecceiQuinn symmetryto solve the strongCP problemthen the supersym-
metricpartnerof theaxioncanbeanidealcandidateto describethesterileneutrino.
Thebreakingof � parity cangeneratemixing betweentheactive andsterilestates
in this picture. The massof the sterilestatecanbe protectedeven after breaking
of supersymmetryin a numberof situationsbasedon supergravity [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)
discussedaboveusingthisapproach.

Lastly, several radiative models [57] incorporatinga sterile neutrino have also been
proposed.Thesemodelsinvoke a sterile stateand additionalsymmetrywhich keepsit
massless.Themassfor thesterilestateandits mixing with active neutrinosis generated
radiatively usingsingly anddoublychargedHiggsscalars.

6. Summary

The presentlyavailable information on the solar and the atmosphericneutrinosis fully
consistentwith thestandardpicturewith only threelight neutrinosmixing with eachother.
Themassesandmixing requiredto understandthesedatafollow differentpatternthanin
thequarksector. But it is possibleto understandthesewithin conventionalideasof neutrino
massgenerationlike quark leptonsymmetry, supersymmetryetc. It is quite difficult to
decideat this stagewhich of the popularscenariosis moreappropriatein describingthe
data.

At thephenomenologicallevel, four differentmasspatternseqs(14)–(16)andtwo mix-
ing patternseqs(21), (22) describethe data. Onewill be able to fix the mixing pattern
oncethecorrectsolutionfor thesolarneutrinoproblemis identified.Thediagnostictools
neededfor this purposeare the study of the recoil energy spectrum,the day–nightand
seasonalvariationof theflux andthezenithangledependenceof theeventsaveragedover
the year. The presentinformation is inconclusive anddifferentdataset favour different
possibilities[36].

Theotherkey questionis to determinethepresenceof a sterileneutrinointo spectrum.
This cruciallydependson theverificationof theLSND resultin experimentlike theMini-
Boon[58]. Thepresenceof large h r � h ô mixing canbedetectedat thesuper-Kamioka.
Suchmixing will reduce[36] thenumberof pionsproducedin thereactionh¬õ¶ö÷h¬õ 6 ¢
comparedto the h�r � h ; oscillations.Thepresentlyavailableinformationis inconclusive
dueto largesystematicerrors. The zenithangledistribution of the high energy eventsis
differentin caseof the h�r � h ; and h7r � h7ô mixing andthepresentdataseemto favour the
formerat

�bø
level [36].

In summary, while differentpossibilitiesstill exist, informationon theneutrinomasses
andmixing hasbecomemorefocusednow thanfew yearsago.Moredatain presentexper-
imentsandthenew experimentsfor thesolarneutrinosandthelong baselineexperiments
will bea positive stepin the directionof sharpeningtheknowledgeof theneutrinospec-
trum further.
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X Li andErnestMa, J. Phys.G23, 885(1997)
ErnestMa andUtpal Sarkar, Phys.Rev. Lett.80, 5716(1998)

[47] PH FramptonandS L Glashow, hep-ph/9906375
[48] A S JoshipuraandA Yu Smirnov, Phys.Lett.B439, 103(1998)(hep-ph/9806376)
[49] SM Bilenky, C Giunti andW Grimus,hep-ph/9812360
[50] SGoswami,Phys.Rev. D55, 2931(1997)

Pramana– J. Phys.,Vol. 54, No. 1, January 2000 131



AnjanSJoshipura

JT PeltoniemiandJ W F Valle, Nucl.Phys.B406, 409(1993)
D O CaldwellandR N Mohapatra,Phys.Rev. D48, 3259(1993)
E Ma andPRoy, Phys.Rev. D52, R4780(1995)
E J Chun,A SJoshipuraandA Yu Smirnov, Phys.Lett.B357, 608(1995)
R FootandR Volkas,Phys.Rev. D52, 6595(1995)

[51] Q Y Liu andA Yu Smirnov, Nucl.Phys.B524, 505(1998)
[52] K Choi,E J ChunandK Hwang,hep-ph/9811363
[53] Z BerezhianiandR N Mohapatra,Phys.Rev. D52, 6607(1995)

R FootandR Volkas,Phys.Rev. D52, 6595(1995)
S I Bilinkov andM Yu Khlopov, Sov. Astron.27, 371(1983)
B BrahmachariandR Mohapatra,hep-ph/9805429

[54] E J Chun,A SJoshipuraandA Yu Smirnov, Phys.Rev. D54, 4654(1996)
[55] E J Chun, Phys.Lett.B454, 304(1999)(hep-ph/9901220)

G Dvali andY Nir, hep-ph/9810257
[56] K BenakliandA Yu Smirnov, Phys.Rev. Lett.79, 4314(1997)
[57] JT PeltoniemiandJ W F Valle, Nucl.Phys.B406, 409(1993)

JT Peltoniemi,D TommasiniandJ W F Valle, Phys.Lett.B298, 383(1993)
JT Peltoniemi,A Yu Smirnov andJ W F Valle, Phys.Lett.B286, 321(1992)
L BentoandJ W F Valle, Phys.Lett.B246, 373(1991)
K Babu, R MohapatraandI Rothstein,Phys.Rev. D45, 5 (1992)
K Babu andR Mohapatra,Phys.Rev. D46, 374(1992)
D O CaldwellandR N Mohapatra,Phys.Rev. D48, 3259(1993)
N Gauret al, Phys.Rev. D58, 071301(1998)(hep-ph/9806272)

[58] E Churchetal, nucl-ex/9706011

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


