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Abstract. Motivatedby therecentsuper-Kamiokanderesultson atmosphericneutrinos,we incor-
poratemassive neutrinos,with largeangleoscillationbetweenthesecondandthird generations,in
a theorywith � -parity violating supersymmetry. The generalfeaturesof sucha theoryarebriefly
reviewed. We emphasizeits testability throughthe observation of comparablenumbersof muons
and taus,producedtogetherwith the � -boson,in decaysof the lightestneutralino. A distinctly
measurabledecaygapis anotherremarkablefeatureof sucha scenario.
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1. Introduction

Althoughvariousoptionsbeyondthestandardmodel(SM) of electroweakinteractionsare
beinginvestigatedwith greatinterestfor quitesometimenow, thestandardmodelhasfaced
practicallyno experimentalcontradictionsin terrestrialexperimentssofar. In this respect,
theobservedresultson solarandatmosphericneutrinoshave a uniquerole to play, in the
sensethat their confirmationwill requirethe existenceof neutrinomassesand mixing,
andthereforewill take onebeyondthe jurisdictionof thestandardmodel. It is thusquite
naturalthattheapparentoscillationof themuonneutrinosto anotherspecies,inferredwith
far greaterconfidencethanbeforefrom therecentdatafrom thesuper-Kamiokande(SK)
experiment[1], is beingenthusiasticallyexaminedfor tracesof somekind non-standard
physicsansweringto a neutrinomasspatternof the suggestedtype. Thereare,however,
a very largenumberof possibilitiesto explore,andthecredibility of any oneof themwill
dependnot only on how well they explain theneutrinodatabut alsoon their othertestable
consequences.In thisregard,onemustsaythattherecentdevelopmentsin neutrinophysics
have triggereda lot of incisive thinking on otherareasof particlephenomenologyaswell.
Herewe proposeto discusssomesuchphenomenologicalissuesin theparticularcontext
of supersymmetrictheories.

Supersymmetry(SUSY) is perhapstheobjectof thehottestpursuitin termsof physics
beyond the SM [2]. Its usefulnessin solving the naturalnessproblem,its tantalizingly
spectacularrole in achieving the unificationof couplingconstants,andits almostinvari-
ablepresencein theoriesattemptingto unify gravity with the other interactionsmake it
an extremely appealingtheoreticaloption. However, thereis no concreteexperimental
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evidencein its favor yet. It is thereforequite naturalthat the possibilitiesof generating
neutrinomassesandmixing in a SUSY scenarioshouldbe investigated,especiallywhen
evidencesfor thelatterarealreadyknockingat ourdoors.

Neutrinomasseswill eithernecessitatetheexistenceof right-handedneutrinosor require
violation of leptonnumber( � ) so thatMajoranamassesarepossible.The formerpossi-
bility entailsanaugmentationof theparticlecontentof theminimalSUSYstandardmodel
(MSSM).Thelatteronedoesnotrequireit, but forcesoneto gobeyondtheminimalmodel
again,wherebyleptonnumberviolationcanbeallowedin thetheory. However, sucha vi-
olationis in-built in thoseSUSYtheorieswhere � -parity, definedas ���	��

����������������� ,
is notaconservedquantityanymore[3]. Thisis quiteconsistentwith theabsenceof proton
decaysolong asbaryonnumber( � ) is not violatedsimultaneously, a situationthatagain
mayarisein SUSYwheretherearescalarleptonsandbaryonsandtherefore� -violation
and � -conservationdoesnot interferewith thegaugecurrentstructureof thetheory.

In the next sectionwe presenta summaryon � -parity violating models,with an em-
phasison thetypewhich hasakey role in our claims,namely, onewith � -parity violation
throughbilinear terms. In the samesectionwe also discussthe generationof neutrino
massesin suchtheoriesboth at the tree-andone-looplevels. Somedistinct accelerator
signals,of oneviablescenarioat least,arementionedin � 3. We concludein � 4.

2. � -parity violation and neutrino mass

TheMSSM superpotentialis givenby "!$#%#&! �('*)+-, )+ �/.10 2354 )� 3 )+-, )6874 .90 :354 ); 3 )+-, )<=74 .10?>354 ); 3 )+ � )@
74BA (1)

wherethelastthreetermsgive theYukawainteractionscorrespondingto themassesof the
chargedleptonsandthedown-andup-typequarks,and ' is theHiggsinomassparameter.

When � -parity is violated,thefollowing additionaltermscanbeaddedto thesuperpo-
tential:  DCE �GF 354�H )� 3 )� 4 )687H . FJI3K4�H )� 3 ); 4 )<L7H . F?I I354�H )@
73 )<=74 )<=7H .9M 3 )� 3 )+ � (2)

with the F I I -termscausing� -violation, andthe remainingones,� -violation. In orderto
suppressprotondecay, it is customary(thoughnot essential)to have oneof thetwo types
of nonconservationatatime. In therestof thisarticle,wewill consideronly leptonnumber
violatingeffects.

The F - and F I -termshave beenwidely studiedin connectionwith phenomenological
consequences,enablingoneto imposevariouskinds of limits on them[4]. Their contri-
butionsto neutrinomassescanbe only throughloops[5], andtheir multitude(thereare
36 suchcouplingsaltogether)makesthe necessaryadjustmentspossiblefor reproducing
the requisitevaluesof neutrinomassesandmixing angles.We shall comebackto these
‘trilinear’ effectslater.

More interesting,however, arethe threebilinear terms M 3 � 3 + � [6]. Therebeingonly
threetermsof this type, themodellookssimplerandmorepredictive with themaloneas
sourcesof � -parity violation. This is particularlyso becausethe physicaleffectsof the
trilinear termscanbe generatedfrom the bilinearsby going to the appropriatebases.In
addition, they have interestingconsequencesof their own [7,8], sincetermsof the type
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Neutrino mass patternsM 3 � 3 + � imply mixing betweenthe Higgsinosandthe chargedleptonsandneutrinos. In
this discussion,we shall assume,without any loss of generality, the existenceof such
termsinvolving only thesecondandthird familiesof leptons.

In theabovescenario,thescalarpotentialcontainsthefollowing termswhicharebilinear
in thescalarfields:N?OQPSR�T �VU ���W X�Y� � X � . U ���Z X�Y� � X � . U � , X +-, X � . U �� X + � X � . �8' +-,[+ �. � �&M\� Y� � + �/. � �%M\� Y� � + �/. ' M\� Y�^]� +-, . ' M\� Y�/_� +-, .(`&`&` A (3)

whereU ��a denotesthemassof theith scalardoubletat theelectroweakscale,and U , andU � arethemassparameterscorrespondingto the two Higgsdoublets. � , � � and � � are
softSUSY-breakingparameters.

An immediateconsequenceof the additional( � -violating) soft termsin the potential
is a set of non-vanishingvacuumexpectationvalues(vev) for the sneutrinos[9]. This
givesriseto themixing of thegauginoswith neutrinos(andchargedleptons)throughthe
sneutrino–neutrino–neutralino(andsneutrino-chargedlepton-chargino) interactionterms.

By virtue of both the typesof mixing describedabove, the hithertomasslessneutrino
statesenterinto the neutralinomassmatrix. This leadsto see-saw massesacquiredby
themvia mixing with massive states.The parameterscontrolling the neutrinosectorin
particularand � -parity violating effectsin generalarethebilinearcoefficients M � , M � and
thesoft parameters� � , � � . For our purpose,however, it is moreconvenientto eliminate
the latter in favor of the sneutrinovev’s using the conditionsof electroweak symmetry
breaking[7].

For a betterunderstanding,let usperforma basisrotation[10], removing the � -parity
violating bilinear termsvia a redefinitionof the leptonandHiggssuperfields.This, how-
ever, doesnot eliminatethe effectsof the bilinear terms,sincethey now take refugein
thescalarpotential.Thesneutrinovev’s in this rotatedbasis(which arefunctionsof both
andthe M ’sandthesoft termsin theoriginalbasis)areinstrumentalin triggeringneutrino–
neutralinomixing. Consequently, the bdceb neutralinomassmatrix in this basishasthe
following form:

f �
ghhhhhhhhhi

j 
$' k[lm � 
nk[oplm � j j
$' j 
nk\l[om � k[oql[om � j jk[lm � 
nk\l[om � r j 
nk[l Wm � 
nk[l Zm �
nk[oslm � k[oql[om � j r I k[osl Wm � k[osl Zm �j j 
 k[l Wm � k o l Wm � j jj j 
 k[l Zm � k[osl Zm � j j

t&uuuuuuuuuv
A

(4)

wherethe successive rows andcolumnscorrespondto (
Y+ � A Y+ , A 
$w Y � A 
$w Y� A\xzy{A\xz| ), xzy

and
xz|

beingtheneutrinoflavour eigenstatesin this basis.Also, with thesneutrinovev’s
denotedby } � and } � ,}~�Q}�I������ ��� Ud���� � 
 }��� . }���� �d�Z����q�?� ����� ��� � A
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r and r I beingthe �{������� and ������� gauginomassparametersrespectively, and
�� �� � � . � I � .

Next, onecandefinetwo states
x � and

x � , wherex � �V�&� �{� x y . ���s�$� x | (5)

and
x � is theorthogonalcombination,theneutrinomixing anglebeinggivenby��� ��� � } �� } �� . } ���� (6)

Clearly, thestate
x � — which alonedevelopscross-termswith themassive gauginostates

— developsa see-saw type massat the tree-level. The orthogonalcombination
x � still

remainsmassless.
An approximateexpression(neglectinghigherordertermsin U�� ��' ) for the tree-level

neutrinomassisU�¡ W£¢ 
 �� � �¤}¥�� . }��� �� �r c �r �r~r I 
eU �� �r ��' ���q� � � A (7)

where
�� � �r � � � r I . � I � r � Thefirst termis very similar to theusualsee-saw formula,

with the only differencethat couplingsbetweenthe light and the heavy statesis in the
presentcasedueto gaugeinteractions.

Themassive state
x � canbenaturallyusedto accountfor atmosphericneutrinooscilla-

tions,with ¦8U��§�(Ud�¡ W � Largeanglemixing betweenthe
xz|

andthe
xzy

correspondsto the
situationwhere} �©¨ } � .

The tree-level masshereis clearly controlledby the quantity } I � � } �� . } �� . This
quantity, definedasthe‘effective’ sneutrinovev in thebasiswherethe M ’sarerotatedaway,
canbetreatedasa basis-independentmeasureof � -parity violation in suchtheories.The
SK dataonatmosphericneutrinosrestrict } I to beof theorderof afew hundredkeV’s[11].
However, it shouldberememberedthat } I is a functionof M\� and M�� bothof whichcanstill
beaslargeason theorderof theelectroweakscale.It has,for example,beenshown [12]
thatin modelsbasedon ª«��� supergravity, it is possibleto havea very smallvalueof } I
startingfrom large M ’s, providedthatoneassumesthe � -conservingand � -violating soft
terms(asalsothesleptonand ¬­�®� Higgsmassparameters)to be thesameat thescale
of dynamicalSUSYbreakingata highenergy.

Also, onehasto addressthequestionasto whetherthetreatmentof
x � and

x � asmass
eigenstatesis proper, from theviewpointof thechargedleptonmassmatrixbeingdiagonal
in the basisusedabove. In fact, it canbe shown that this is strictly possiblewhen M � is
muchsmallerthan M\� , failing which onehasto give a further basisrotationto definethe
neutrinomasseigenstates.However, theobservableconsequencesthatwe describein the
followingsectionarefoundto beequallyvalid,with therequirementshiftedfrom theangle�

to theeffectivemixing angleto bein theneighborhoodof maximality.
Furthermore,a closeexaminationof the scalarpotentialin sucha scenariorevealsthe

possibility of additionalmixing amongthe chargedsleptons,wherebyflavour-changing
neutralcurrents(FCNC)canbeenhanced.It hasbeenconcludedafteradetailedstudy[13]
thatthesuppressionof FCNCrequiresoneto have the M -parametersto besmallcompared
to theMSSM parameter' (or, in otherwords,to the electroweakscale)unlessthereis a
hierarchybetweenM � and M � .
150 Pramana– J. Phys.,Vol. 54, No. 1, January 2000



Neutrino mass patterns

However, onestill needsto find a mechanismfor mass-splittingbetweenthe massless
state

x � and the electronneutrino,and to explain the solar neutrinopuzzle[14]. This
is found to follow naturally if one allows for � -parity ( � ) violating termsof all types
in the superpotential.The existenceof the various F and F I -termswill give rise to loop
contributionsto theneutrinomassmatrix [15].

Thegenericexpressionfor suchloop-inducedmassesis�QU T ¯[¯�°¡ � 3K4 ¨ ±² ³ � U :H U :´ r #�µ¶#[· �U � ¸¹ FJI3sH ´ FJI4 ´ H. �² ³ � U 2 H U 2´ r #&µ¶#[· �U � ¸2 F 3�H ´ F 4 ´ H A (8)

whereU :%ºK»p2p¼ denotethedown-typequark(chargedlepton)masses.Ud�¸2 , Ud� ¸¹ aretheslepton
andsquarkmasssquared.r #�µ¶#[· �¾½('�� is theeffectivescaleof supersymmetrybreaking.
The masseigenvaluescanbe obtainedby including the above loop contributions in the
massmatrix.

Again, it shouldbenotedthat theremaybeotherwaysof looking at theproblem.For
example,it hasbeenshown [17] that,if oneassumesonly trilinear � -violatinginteractions
at a high scale,runningof themassparameterscouldleadto significantsneutrinovev’s at
low energy, whichmight turnout to beprincipalcontributorsto theloop-inducedmasses.

If we wantthemassthusinducedfor thesecondgenerationneutrinoto betheright one
to solvethesolarneutrinoproblem,thenoneobtainssomeconstraintonthevalueof the F I s
aswell as F s. In orderto generatea splittingbetweenthetwo residualmasslessneutrinos,¿ U�� ¨ÁÀ cÂ� j�ÃÅÄ/Æ&Ç � (which is suggestedfor anMSW solution),a SUSYbreakingmass
of about500GeVimplies F I �ÈFJ�/½~� j{ÃJÉ – � j�ÃÅÊ . Themass-squareddifferencerequiredfor
a vacuumoscillationsolutionto thesolarpuzzlerequiresevensmallervaluesof F I �ÈFJ� .
3. Phenomenological consequences

As we have observed before, the SK data imply a constrainton the basis-independent
parameter} I . The allowed range of neutrino mass-squareddifferencefrom the SK
data,combiningthe fully containedevents,partially containedeventsandupward-going
muons,is about � � À 
Ëb � j cÂ� j�Ã � eV� at 90%C.L. [18]. For thelightestneutralinomass
varyingbetween50and200GeV, thisconstrains} I to bein theapproximaterange0.0001–
0.0003GeV.

The experimentallyobserved signalscharacteristicof the scenariodescribedabove
shouldnaturallybe associatedwith decaysof the lightestneutralino,sincethat is a pro-
cesswherecontributions from � -parity violating effectswill not faceany competitions
from MSSM processes.

In presenceof only the trilinear � -violating termsin the superpotential,the lightest
neutralinocanhave variousthree-bodydecaymodeswhich canbe genericallydescribed
by ÌÎÍL
ÅÏ x�Ð �Ð

and Ì�Í=
ÅÏÒÑ Ð , �Ð � , Ð ,
Ð ,

and
Ð � beingdifferentquarkandleptonflavors

thatarekinematicallyallowedin thefinal state.
Wehavealreadyseenthatanimportantconsequenceof thebilinearsis amixing between

neutrinosandneutralinosasalsobetweenchargedleptonsandcharginos. This opensup
additionaldecaychannelsfor thelightestneutralino,namely, Ì�Í

ÅÏÓÑ  and Ì�Í

BÏ x?Ô

.
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When the neutralinois heavier than at leastthe
 

, thesetwo-body channelsdominate
over the three-bodyonesover a large region of the parameterspace,the effect of which
canbe observed in colliderssuchas the upgradedTevatron, the LHC andthe projected
high-energy electron–positroncollider. Differentobservablesrelatedto thesedecayshave
beenstudiedin recenttimes[19].

Herewewouldliketo stressupononedistinctivefeatureof thescenariothatpurportedly
explains the SK resultswith the help of bilinear � -parity violating terms. It hasbeen
foundthatoveralmosttheentireallowedrangeof theparameterspacein this connection,
the lightestneutralinois dominatedby the Bino. A glanceat the neutralinomassmatrix
revealsthatdecaysof theneutralino( ¨ Bino) in sucha caseshouldbedeterminedby the
couplingof differentcandidatefermionicfieldsin thefinal statewith themassiveneutrino
field

x � which hasa cross-termwith the Bino. Large angleneutrinomixing, on the the
hand,implies that

x � shouldhave comparablestrengthsof couplingwith the muonand
thetau. Thus,a necessaryconsequenceof theabove typeof explanationof theSK results
shouldbe comparablenumbersof muonsandtausemerging from decaysof the lightest
neutralino,togetherwith a

 
-bosonin eachcase[10]. Suchsignals,particularly those

in theform of muonsfrom two-bodydecaysof the lightestneutralino,shoulddistinguish
sucha scenario.For further detailsincluding plots of the branchingratios,the readeris
referredto [10].

Of course,theevent ratesin the channelmentionedabove will dependon whetherthe
two-bodydecaysmentionedaboveindeeddominateoverthethree-bodydecays.Thelatter
arecontrolledby thesizeof the F - and F I -parameters.It hasbeenfoundthatif in thiscase
theseparametershave to beof theright ordersof magnitudeto explain themass-splitting
requiredby thesolarneutrinodeficit,then,evenfor theMSW case,thedecaywidthsdriven
by thetrilinear termaresmallerthanthosefor thetwo-bodydecaysby at leastanorderof
magnitude.For vacuumoscillation,thethreebodydecaysturnoutto beevensmaller. Thus
thepredictionof comparablenumbersof muonsandtausseemto bequite robustso long
asthetwo-bodyneutralinodecaysarekinematicallyallowed.

The other importantconsequence[10] of this picture is a large decaylength for the
lightestneutralino. We have alreadymentionedthat the atmosphericneutrinoresultsre-
strict the basis-independent� -violating parameter} I to the rathersmall valueof a few
hundredkeV’s. Thisvalueaffectsthemixing angleinvolvedin calculatingthedecaywidth
of theneutralino,which in turn is givenby theformula�Õ� �0Ö c ×r � YÌ Í , � A (9)

where
Ö

is thedecaywidth of thelightestneutralinoand× , its momentum.As canbeseen
from figure2 in ref. [10], thedecaylengthdecreasesfor higherneutrinomasses,asaresult
of theenhancedprobabilityof theflip betweentheBino anda neutrino,whentheLSPis
dominatedby theBino. Also, a relatively massive neutralinodecaysfasterandhencehas
asmallerdecaylength.Theinterestingfacthereis thatevenfor aneutralinoasmassiveas
250GeV, thedecaylengthis aslargeasabout0.1to 10millimeters.Thisclearlywill leave
a measurabledecaygap, which unmistakablycharacterizesthe theoreticalconstruction
underinvestigationhere[20].

If the lightestneutralinocanhave two-bodychargedcurrentdecays,thentheMajorana
characterof the latter also leadsto the possibility of like-signdimuonsandditausfrom
pair-producedneutralinos. Modulo the efficiency of simultaneousidentificationof

 
-
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pairs, theselike-signdileptonscan also be quite useful in verifying the type of theory
discussedhere.

4. Summary and conclusions

We have demonstratedthat it is possibleto explain both the atmosphericandsolarneu-
trino deficits in a SUSY model with � -parity violation is in-built in it. An important
role is playedby thebilinear � -violating termsin thesuperpotential,wherebya tree-level
massfor oneneutrinocanbe generatedvia mixing with neutralinos.The mass-squared
differenceexpectedfrom theatmosphericmuonneutrinodeficiency (for

x | 
 x y oscilla-
tion) constrainsthe basis-independentparametercharacterizing� -parity violation in the
neutrino–neutralinoandlepton–chargino sectors.Sideby side, the existenceof trilinear
leptonnumberviolating termsin the superpotentialcangive rise to a mass-splittingbe-
tweenthe two remainingneutrinosand thusaccountfor the solarneutrinodeficit. The
valuesof thetrilinearparametersrequiredfor this imply thatthelightestneutralinoshould
dominantlydecayin two-bodychannelsif it is heavier thanthe

 
-boson.Maximal mix-

ing,asrequiredby thesuper-Kamiokandedata,impliesthatcomparablenumbersof muons
andtausshouldbe seenin chargedcurrentdecaysof the neutralinowhenthe two-body
decaysarekinematicallyallowed. In addition, the magnitudesof the � -parity violating
parametersrequiredby theatmosphericneutrinodatacausestheneutralinosto have large
decaylengths,andthereforeleadsto displacedverticesin SUSYsearchexperiments.Thus� -parity violating SUSY lendsitself asa viable mechanismfor generatingthe expected
neutrinomassesandmixing patterns,with verifiable(or falsifiable)consequencesin col-
lider experiments.
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