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Neutrino masspatterns, R-parity violating super symmetry
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Abstract. Motivatedby the recentsuperKamiokanderesultson atmospheriqeutrinoswe incor-

poratemassie neutrinos with large angleoscillationbetweenthe secondandthird generationsin

atheorywith R-parity violating supersymmetry The generalfeaturesof sucha theoryare briefly

reviewed. We emphasizats testability throughthe obseration of comparablenumbersof muons
andtaus, producedtogetherwith the W-boson,in decaysof the lightestneutralino. A distinctly
measurablelecaygapis anotheremarkabldeatureof sucha scenario.
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1. Introduction

Althoughvariousoptionsbeyondthe standardnodel(SM) of electraveakinteractionsare
beinginvestigatedvith greatinteresffor quitesometime now, thestandaranodelhasfaced
practicallyno experimentakcontradictiongn terrestrialexperimentssofar. In thisrespect,
the obsenedresultson solarandatmosphericeutrinoshave a uniquerole to play, in the
sensethat their confirmationwill requirethe existenceof neutrinomassesand mixing,
andthereforewill take onebeyondthejurisdictionof the standardnodel. It is thusquite
naturalthatthe apparentscillationof themuonneutrinogo anotherspeciesinferredwith
far greaterconfidencehanbeforefrom the recentdatafrom the superKamiokandg(SK)
experiment[1], is beingenthusiasticallyexaminedfor tracesof somekind non-standard
physicsansweringto a neutrinomasspatternof the suggestedype. Thereare, however,
avery large numberof possibilitiesto explore,andthe credibility of any oneof themwill
depenchotonly on how well they explainthe neutrinodatabut alsoon their othertestable
consequencesn thisregard,onemustsaythattherecentdevelopmentsn neutrinophysics
have triggereda lot of incisive thinking on otherareasof particlephenomenologpswell.
Herewe proposeo discusssomesuchphenomenologicaksuesn the particularcontext
of supersymmetritheories.

SupersymmetrySUSY)is perhapghe objectof the hottestpursuitin termsof physics
beyond the SM [2]. Its usefulnessn solving the naturalnesgproblem,its tantalizingly
spectacularole in achieving the unificationof couplingconstantsandits almostinvari-
able presencen theoriesattemptingto unify gravity with the otherinteractionsmake it
an extremely appealingtheoreticaloption. However, thereis no concreteexperimental
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evidencein its favor yet. It is thereforequite naturalthat the possibilitiesof generating
neutrinomasse&nd mixing in a SUSY scenarioshouldbe investigatedespeciallywhen
evidencedor thelatterarealreadyknockingat our doors.

Neutrinomassesvill eithernecessitattheexistenceof right-handedeutrinosor require
violation of leptonnumber(L) sothat Majoranamassesre possible. The former possi-
bility entailsanaugmentatiorf the particlecontentof the minimal SUSY standardnodel
(MSSM). Thelatteronedoesnotrequireit, but forcesoneto go beyondtheminimalmodel
again,wherebyleptonnumberviolation canbe allowedin thetheory However, sucha vi-
olationis in-built in thoseSUSY theorieswhere R-parity, definedas R = (—1)3B+L+25,
is notaconseredquantityanymore[3]. Thisis quiteconsistentvith theabsencef proton
decaysolong asbaryonnumber(B) is not violatedsimultaneouslya situationthatagain
may arisein SUSY wherethereare scalarleptonsandbaryonsandthereforeL-violation
and B-consenrationdoesnotinterferewith the gaugecurrentstructureof thetheory

In the next sectionwe presenta summaryon R-parity violating models,with an em-
phasison thetypewhich hasakey role in our claims,namely onewith R-parity violation
throughbilinear terms. In the samesectionwe also discussthe generationof neutrino
massesn suchtheoriesboth at the tree-and one-looplevels. Somedistinct accelerator
signals,of oneviablescenaricatleast,arementionedn §3. We concludein §4.

2. R-parity violation and neutrino mass

The MSSM superpotentials givenby

Wussm = pHi Hy + By L ES + hQ:H DS + h Qi HLUY, 1)
wherethelastthreetermsgive the Yukawainteractionsorrespondingo the masse®f the
chagedleptonsandthe down-andup-typequarksandy is the Higgsinomassparameter

When R-parity is violated, the following additionaltermscanbe addedto the superpo-
tential:

WR = /\ka-z/zi/]E]f; + A;jkf’iQAJ‘DIi + /\iljkf]ff);ﬁz + €iﬁz’ﬁ2 (2)
with the \"-termscausingB-violation, andthe remainingones,L-violation. In orderto
suppresprotondecay it is customarythoughnot essential¥o have oneof thetwo types
of nonconserationatatime. In therestof thisarticle,wewill consideonly leptonnumber
violating effects.

The A- and X' -termshave beenwidely studiedin connectionwith phenomenological
consequencegnablingoneto imposevariouskinds of limits on them[4]. Their contri-
butionsto neutrinomassesanbe only throughloops|[5], andtheir multitude (thereare
36 suchcouplingsaltogethermakesthe necessanadjustmentgossiblefor reproducing
the requisitevaluesof neutrinomassesandmixing angles. We shall comebackto these
‘trilinear’ effectslater.

More interesting,however, arethe threebilineartermse; L; H, [6]. Therebeingonly
threetermsof this type, the modellooks simplerandmore predictive with themaloneas
sourcesof R-parity violation. This is particularly so becausehe physicaleffects of the
trilinear termscanbe generatedrom the bilinearsby goingto the appropriatebases.In
addition, they have interestingconsequencesf their own [7,8], sincetermsof the type
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€;L; Hy imply mixing betweenthe Higgsinosandthe chaigedleptonsandneutrinos. In
this discussionwe shall assumewithout ary loss of generality the existenceof such
termsinvolving only the secondandthird familiesof leptons.

In theabove scenariothescalampotentialcontainghefollowing termswhicharebilinear
in the scalarfields:

Vscal = m%3|i3|2 + m%2|E2|2 + mf|H1|2 + m§|H2|2 + BuHHy
+BsesLyHy + ByesLsHs + pes Ly Hy + peo LSHy + -+ 3)

wheremr,, denoteshemassof theith scalardoubletat the electraveakscale,andm; and
me arethe massparametergsorrespondingo the two Higgsdoublets.B, B, and B; are
soft SUS¥-breakingparameters.

An immediateconsequencef the additional (L-violating) soft termsin the potential
is a setof non-vanishingvacuumexpectationvalues(vev) for the sneutrinog9]. This
givesriseto the mixing of the gauginoswith neutrinos(andchaigedleptons)throughthe
sneutrino—neutrino—newlino (andsneutrino-chagedlepton-chagino) interactionterms.

By virtue of both the typesof mixing describedabove, the hitherto masslesseutrino
statesenterinto the neutralinomassmatrix. This leadsto see-s&w massesacquiredby
themvia mixing with massve states. The parametergontrolling the neutrinosectorin
particularand R-parity violating effectsin generalarethe bilinear coeficientses , €3 and
the soft parametersBs, Bs. For our purposehowever, it is morecorvenientto eliminate
the latter in favor of the sneutrinovev's using the conditionsof electraveak symmetry
breaking[7].

For a betterunderstandinglet us performa basisrotation[10], removing the R-parity
violating bilineartermsvia a redefinitionof the leptonandHiggs superfields.This, how-
ever, doesnot eliminatethe effects of the bilinear terms, sincethey now take refugein
the scalarpotential. The sneutrinovev's in this rotatedbasis(which arefunctionsof both
andthee’sandthesofttermsin the original basis)areinstrumentain triggeringneutrino—
neutralinomixing. Consequentlythe 6 x 6 neutralinomassmatrix in this basishasthe
following form:

— gv. _9%v
0 wo% -0 0
v v
w0 =L L0 0
gy _9v M 0 __9vs _ gvs
M: \/? I\/IE lﬁ /\/§ (4)
_g9v gv 0 Ml g v3 g v2 )
N Y
v v
0 0 —9\/—3 9—; 0 0
v v
0 0 —9T; 9\/; 0 0

wherethe successie rows and columnscorrespondo (Hs, Hi, —iWs, —iB, v,,v,), vy
andv, beingthe neutrinoflavour eigenstates this basis. Also, with the sneutrinovev's
denotedby v, andvs,

2

v @)= V3 (% _ %) “sing (cosh),
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M and M' beingthe SU(2) andU(1) gauginomassparametersespectiely, andg =
Vo' +g”.

Next, onecandefinetwo states/; andvy, where
vz =cosf v, +sinfy, (5)

andv, is theorthogonakcombinationthe neutrinomixing anglebeinggivenby

v3
—_—. 6
Vo ©

Clearly, the staters; — which alonedevelopscross-termsvith the massive gauginostates
— developsa see-sw type massat the tree-level. The orthogonalcombinationy, still
remainsmassless.

An approximateexpression(neglectinghigherordertermsin m, /) for the tree-level
neutrinomassis

cosf =

52002 | o2 72
ml/3 ~ _g (v2 _l_ U3) X 2 1 . ) (7)
2M MM'—m3 M/y sin2p

whereg? M = ¢’ M' + g’2M. Thefirst termis very similar to the usualsee-sa formula,
with the only differencethat couplingsbetweenthe light andthe heary statesis in the
presentasedueto gaugeinteractions.

The massie staters canbe naturallyusedto accountfor atmosphericeutrinooscilla-
tions,with Am? = m,2,3. Largeanglemixing betweerthev, andthev, correspondso the
situationwherev, ~ vs.

The tree-level masshereis clearly controlledby the quantityv’ = /v3 +vZ. This
guantity definedasthe ‘effective’ sneutrinovev in the basiswherethee’s arerotatedaway,
canbetreatedasa basis-independemeasureof R-parity violation in suchtheories.The
SK dataonatmospherimeutrinogestricty’ to beof theorderof afew hundredkeV’s[11].
However, it shouldberememberethaty’ is afunctionof e; ande; bothof which canstill
be aslargeason the orderof the electraveakscale. It has,for example,beenshovn [12]
thatin modelsbasedn N = 1 supegravity, it is possibleto have a very smallvalueof v’
startingfrom large €'s, provided that one assumeshe R-conservingand R-violating soft
terms(asalsothesleptonandY = 1 Higgs massparametersjo be the sameatthe scale
of dynamicalSUSY breakingat a high enegy.

Also, onehasto addresghe questionasto whetherthe treatmenbf v3 andv, asmass
eigenstates proper from the viewpoint of the chagedleptonmasamatrix beingdiagonal
in the basisusedabove. In fact, it canbe shown thatthis is strictly possiblewhene, is
muchsmallerthanes, failing which one hasto give a further basisrotationto definethe
neutrinomasseigenstatesHowever, the obsenableconsequence$atwe describen the
following sectionarefoundto beequallyvalid, with therequiremenshiftedfrom theangle
0 to the effective mixing angleto bein the neighborhooaf maximality.

Furthermorea closeexaminationof the scalarpotentialin sucha scenariorevealsthe
possibility of additionalmixing amongthe chaged sleptons,wherebyflavour-changing
neutralcurrenty FCNC)canbeenhancedlt hasbeenconcludedhfteradetailedstudy[13]
thatthe suppressiomf FCNCrequiresoneto have the e-parameterso be smallcompared
to the MSSM parametey (or, in otherwords,to the electraveakscale)unlessthereis a
hierarchybetweere; andes.
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However, onestill needsto find a mechanisnfor mass-splittingoetweenthe massless
statev, andthe electronneutrino,andto explain the solar neutrinopuzzle[14]. This
is found to follow naturallyif one allows for R-parity (L) violating termsof all types
in the superpotential. The existenceof the various\ and \'-termswill give rise to loop
contrikutionsto the neutrinomassmatrix [15].

Thegenericexpressiorfor suchloop-inducedmassess

3 1
1 d,d Y
(m,2%P) 5 ~ —mkmpMsusy—m2)\

q

YT ]2 ikp”'jpk
+iml m! Msusy —= Aigp s (8)
87‘(2 kp SUSYmg ikp \jpk >

l

wherem®(!) denotethedown-typequark(chagedlepton)massesm?, m? aretheslepton
andsquarkmasssquared Msysy (~ p) is the effective scaleof supersymmetrpreaking.
The masseigervaluescan be obtainedby including the above loop contritutionsin the
massmatrix.

Again, it shouldbe notedthattheremay be otherwaysof looking at the problem. For
example,it hasbeenshavn [17] that,if oneassumesnly trilinear R-violatinginteractions
atahigh scale runningof the massparametergouldleadto significantsneutrinovev's at
low enegy, which might turn out to be principal contributorsto theloop-inducednasses.

If we wantthe massthusinducedfor the secondyeneratiomeutrinoto betheright one
to solvethesolarneutrinoproblem thenoneobtainssomeconstrainbnthevalueof the \'s
aswell as\s. In orderto generate splitting betweerthe two residualmasslesseutrinos,
dm? ~ 5 x 1076 eV? (which is suggestedor anMSW solution),a SUSY breakingmass
of about500GeVimplies X' (\) ~ 10~%-10—5. Themass-squaredifferencerequiredfor
avacuumoscillationsolutionto the solarpuzzlerequiresevensmallervaluesof X' ().

3. Phenomenological consequences

As we have obsened before, the SK dataimply a constrainton the basis-independent
parametery’. The allowed range of neutrino mass-squaredlifferencefrom the SK
data,combiningthe fully containedevents,partially containedeventsand upward-going
muons,is aboutl.5 — 6.0 x 10~2 eV? at90%C.L. [18]. For thelightestneutralinomass
varyingbetweerb0and200GeV, thisconstraing’ to bein theapproximateanged.0001—
0.0003GeV.

The experimentally obsened signals characteristicof the scenariodescribedabove
shouldnaturally be associatedvith decaysof the lightestneutralino,sincethatis a pro-
cesswherecontributions from R-parity violating effectswill not facearny competitions
from MSSM processes.

In presenceof only the trilinear R-violating termsin the superpotentialthe lightest
neutralinocan have variousthree-bodydecaymodeswhich canbe genericallydescribed
by x° — vff andx® — Ififa, f, f1 and £, beingdifferentquarkandleptonflavors
thatarekinematicallyallowedin thefinal state.

We have alreadyseerthatanimportantconsequencef thebilinearsis amixing between
neutrinosand neutralinosas also betweenchagedleptonsandchaginos. This opensup
additionaldecaychanneldor thelightestneutralino,namely x° — W andx® — vZ.
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Whenthe neutralinois heavier than at leastthe W, thesetwo-body channelsdominate
over the three-bodyonesover a large region of the parametespace the effect of which
canbe obsenedin colliders suchasthe upgradedTevatron,the LHC andthe projected
high-enegy electron—positrorollider. Differentobsenablesrelatedto thesedecayshave
beenstudiedin recenttimes[19].

Herewewouldlik e to stresupononedistinctive featureof the scenarighatpurportedly
explainsthe SK resultswith the help of bilinear R-parity violating terms. It hasbeen
foundthatover almostthe entireallowed rangeof the parametespacen this connection,
the lightestneutralinois dominatedby the Bino. A glanceat the neutralinomassmatrix
revealsthatdecay=f the neutralino(~ Bino) in sucha caseshouldbe determinedy the
couplingof differentcandidatdermionicfieldsin thefinal statewith the massve neutrino
field v3 which hasa cross-termwith the Bino. Large angleneutrinomixing, on the the
hand,implies that 3 shouldhave comparablestrengthsof couplingwith the muonand
thetau. Thus,a necessargonsequencef the above type of explanationof the SK results
shouldbe comparablenumbersof muonsandtausemeging from decaysof the lightest
neutralino,togetherwith a W-bosonin eachcase[10]. Suchsignals,particularly those
in the form of muonsfrom two-bodydecaysof the lightestneutralino,shoulddistinguish
sucha scenario. For further detailsincluding plots of the branchingratios, the readeris
referredto [10].

Of course the eventratesin the channelmentionedabove will dependon whetherthe
two-bodydecaysmentionechbore indeeddominateoverthethree-bodydecays.Thelatter
arecontrolledby the sizeof the A\- and\’'-parametersit hasbeenfoundthatif in this case
theseparameter$iave to be of theright ordersof magnitudeto explain the mass-splitting
requiredby thesolarneutrinodeficit, then,evenfor theMSW casethedecaywidthsdriven
by thetrilinear termaresmallerthanthosefor thetwo-bodydecaydy atleastanorderof
magnitude For vacuumoscillation,thethreebodydecaygurnoutto beevensmaller Thus
the predictionof comparablenumbersof muonsandtausseemto be quite robustsolong
asthetwo-bodyneutralinodecaysarekinematicallyallowed.

The otherimportantconsequenc§l0] of this pictureis a large decaylength for the
lightestneutralino. We have alreadymentionedthat the atmospherimeutrinoresultsre-
strict the basis-independern®-violating parametenr’ to the rathersmall value of a few
hundredkeV’s. Thisvalueaffectsthe mixing angleinvolvedin calculatingthe decaywidth
of theneutralinowhichin turnis givenby theformula

h p
b uG ©
wherel is thedecaywidth of thelightestneutralinoandp, its momentum As canbeseen
fromfigure2 in ref. [10], thedecaylengthdecreasefor higherneutrinomassesasaresult
of the enhancegrobability of theflip betweerthe Bino anda neutrino,whenthe LSPis
dominatedby the Bino. Also, a relatively massie neutralinodecaysasterandhencehas
asmallerdecaylength. Theinterestingfacthereis thatevenfor aneutralinoasmassie as
250GeV, thedecaylengthis aslargeasabout0.1to 10 millimeters. This clearlywill leave
a measurablalecaygap, which unmistakablycharacterizeshe theoreticalconstruction
underinvestigatiorhere[20].

If thelightestneutralinocanhave two-bodychagedcurrentdecaysthenthe Majorana
characterof the latter alsoleadsto the possibility of like-signdimuonsand ditausfrom
pair-producedneutralinos. Modulo the efficiency of simultaneousdentificationof W -
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pairs, theselik e-signdileptonscan also be quite useful in verifying the type of theory
discussedhere.

4. Summary and conclusions

We have demonstratedhat it is possibleto explain both the atmospheri@nd solar neu-
trino deficitsin a SUSY modelwith R-parity violation is in-built in it. An important
roleis playedby the bilinear R-violating termsin the superpotentialvherebya tree-level
massfor one neutrinocan be generatedrzia mixing with neutralinos. The mass-squared
differenceexpectedfrom the atmospherienuonneutrinodeficieny (for v, — v, oscilla-
tion) constrainghe basis-independengarametercharacterizingR-parity violation in the
neutrino—neutralin@and lepton—chagino sectors. Side by side, the existenceof trilinear
lepton numberviolating termsin the superpotentiatan give rise to a mass-splittingoe-
tweenthe two remainingneutrinosand thus accountfor the solar neutrinodeficit. The
valuesof thetrilinear parametersequiredfor thisimply thatthelightestneutralinoshould
dominantlydecayin two-bodychannelsf it is heavier thanthe W -boson.Maximal mix-
ing, asrequiredby thesuperKamiokandedata,impliesthatcomparablenumbersf muons
andtausshouldbe seenin chaged currentdecaysof the neutralinowhenthe two-body
decaysare kinematicallyallowed. In addition, the magnitudef the R-parity violating
parametersequiredby the atmosphericieutrinodatacauseghe neutralinogo have large
decaylengths andtherefordeadsto displacedrerticesin SUSY searctexperiments.Thus
R-parity violating SUSY lendsitself as a viable mechanisnfor generatinghe expected
neutrinomasse&nd mixing patternswith verifiable (or falsifiable)consequences col-
lider experiments.
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