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Li = (O1)iaLa, € = (OR)ia€s, (6)
whereQy, is determinedy requiring

O M;0% = diagonal (7)
Thetrilinear leptonnumberviolating couplingsgetthefollowing form in the new basis:

_tan03
(H1)

The soft potentialof thesemodelsalsocontainsbilinearleptonnumberviolating terms
(B;). But, thesetermscannotbe removed by the redefinition of the fields due to the
inequality of the leptonic andthe Higgs masstermsaswell asthe correspondingB pa-
rametersat the weakscale. In generalthe B parameterganbe typically of O(Msusy)
leadingto unacceptabljarge neutrinomass.A naturalway of suppressinghis largemass
is to consideruniversalsoft masse@nd B termsat the high scale. Exploiting the univer-
sality, the scalarpotentialin the basiswherethe bilinear 4. termsarerotatedaway from
the superpotentiatanbewritten as

W= [(OT)3aLa] (mhLgel +mPQids) . 8)

V = (miy, +p?)HY|? + (miy, + 0?) | H3|* + m3, |0a]” +m3, [ +m3,, o[

- [,qu (BH{) + 0383173(ABH - S%ABL) - CgSzSgﬂzABL) + H.C.]

+ [—CQSgAmL(SgH? + 03173)17; + SgCgﬁgH?*(AmH — S%AmL) + H.C.]
1 - - ~

+ g(g2 +9°)(HY PP + [in ] + o + |2a]* — |HJ)?, 9)

where

2 _ 2 2 2.2
myy, = mpg + s3Amp — sys3Amy,

2

mg, = m,%é — s5Ampy — s5c3Amy,
m,%Q =m2, +s2Amy,
2
B = B, + s5ABy — s3s3ABy, (10)
and
Amp g = (mye - my ) ABrm = (Bs — Bay). (11)

In writing the above, we have neglectedthe contributions coming from the first two
generationYukawa couplings. The parameters\m, g and ABy, g areequalto zeroat
the high scale,dueto the universalitycondition,but arenonzeroat the weakscaledueto
the differencesn RG scalingof the soft termsof the Higgs andthe leptonsand within
theleptonicgenerationsTherelevantRG equationgor theseparametergivenin [8,9,11]
shaw thattheseparametersireproportionalto the down quarkandthe tauleptonYukawva
couplings.

Thetermslinearin the sneutrindieldsin the soft potentialwould now generatezacuum
expectationvaluesfor the sneutrinos. Since,theseVEVs arefound to be muchsmaller
thanthe Higgs vacuumexpectatiorvalues we candeterminghemanalyticallyas
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. C289S8
() = ﬁ(lemL — pveABy)
~ C3S8 .
(3) ~ ﬁ(m(—m@ + s2Amy) — pva(—ABy + s3ABL)) .
2]

(12)

As we have ngglectedthefirst two generatiorYukavacouplings only two of thesneutrinos
attainvevs. Dueto thesevevs, neutrinosnow mix with the neutralinoggiving riseto atree
level massto oneof the neutrinos.In thelimit wherethe sneutrinovevs aremuchsmaller
thanthe Higgsvevs, onecanusethe seesw approximation{7] to determinethetreelevel
neutrinomassmatrix. In the chagedleptonmasshasisthis matrix is givenas

0 0 0
My = mOOL 0 Si S¢pCo O{, (13)
0 sgcy ci

whereOy, hasbeendefinedabore and

tan¢ = u (14)

(v3)

ot

and

pleg® + 9”)(2)* + (73)*)

mo = 2(—cpM + 2M3Z,cps5(c + tan? Oy))

(15)

As notedearlier thetreelevel massmatrix eq.(13) givesmassto only oneof theneutri-
nos. Theothertwo massesregeneratedt the oneloop level throughthe loopsinvolving
lepton numberviolating Yukawa couplingsof eg. (8). Thesemassedake the following
formin thechagedleptonmasshasiswherewe have retainedonly thedominantcontribu-
tion[9,16]:

(M1p)ap = m15(0OL)a3(0L)s3, (16)

01,, Or;0L, 0

Ml.,— =mir OL130L23 0%23 0 5 (17)
0 0 0
where
3 2
Mip1r = NC& tan 62 sin ¢y - cos ¢y » In Mg,y (18)
3 16,”2,[)]2- 3 ’ s Mb21"r1 ?

andN, = 3,1 for theb and7. We seethatthe 1-loop contritution also dependsn the
down quarkandthetauleptonYukawa couplings.Thus,in thelimit wherethedown quark
andthetauleptonYukawa couplingstendto zero,therewill be no neutrinomassesn the
model. Thetotal massmatrix includingthe 1-loop correctionds givenby
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M, = My + My + M. (19)

The above massmatrix is written in the massbasisof the chaiged leptons. It hasthe
following simpleform in the basis:

0 0 0
3.3

O{M,,OL ~ |0 mgsi + mlTN2_4c§S§c§ mMoSeCe + mlTN2_4023203 . (20)

—4 —4
0 mosgey +mar Ny easdcd moch +mup +ma, Ny *s5c3

Fromtheabove,we seethatoneof theneutrinogemaingnassles thelimit of vanishing
first two generatiorYukawvacouplings.Theeigervaluesof thelower 2 x 2 block of eq.(20)
give the two neutrinomassesn this approximation.One of the eigervaluesis essentially
thetreelevel contributionwhereagheotheris essentiallytheloop inducedcontribution. In
generalthetreelevel contribution dominatesover the loop contrikbution giving rise to the
hierarchicalpatternin the neutrinomasses.Addition of the first two generationYyukawa
couplingswould give riseto a muchsmallermasscomparedo thesetwo masse$8,9,11].
Thetotal mixing is determinedy the productof the matrices,

U=0,07, (21)

whereQ,, is thematrixdiagonalizingheRHSof eq.(20). Oy, is basicallydependentnthe
ratiosof the R-parity violating parametersvhereas(),, depend$othon R-parityviolating
parameterandthe soft supersymmetripreakingparametersThe contribution to the mix-
ing from O,, is smallunlessheloop level masss comparabléo thetreelevel mass.Thus,
if all the R-parity violating parametersreof similar magnitudejarge mixing is naturalin
thesemodels.Fromthe abore we seethat, the neutrinomassspectrumdependsrucially
on the soft sectorof the theoryandhenceon the way supersymmetrys broken. We con-
siderheretwo popularmodelsof supersymmetrpreakingnamely minimal supegravity
and minimal messengemodel (MMM) of gaugemediatedsupersymmetrypreakingand
studythe neutrinomassspectrumnin thesescenarios.

2.2 ConstminedMSSM

As mentionedearlier, universalityat the high scalefor the soft parameterégeadsnaturally
to smallneutrinomassest the weakscale.ConstrainedVISSMi.e, minimal supegravity
with universalboundaryconditionsat Mgyr providesanappropriatdramenork from this
point of view. Thetotal parametersf the abose modelin the CMSSM framework arethe
standardCMSSM parametersn, M-, tan 3, A andthe sign(u) alongwith the R-parity
violating parameters; or thethreeanglessy, ss, s3.

It is foundthattheloop massm,, contributesnegligibly to the neutrinomassspectrum,
throughouthe CMSSM parametespacd8,9]. In thelimit m1, <« m1p, mo approximate
expressiongor the neutrinomasseganbegivenas[9]

Myy ~ Mo + Mip,

2
maomi1pS
0771165 o (22)

m ~
vz mo + Tn1b7
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wherethe approximationsi < 1 is usedin obtainingthe secondine of theabove. One
of theneutrinogemainamassles this approximation The mainfeaturesf the neutrino
massspectrumn this framework canbe summarizedsfollows:

¢ For mostof the CMSSMparametespacethetreelevel contributiondominatesover
the loop contribution giving rise to the hierarchicalpatternin the massspectrum
[8,9].

e But, therealsoexist regionsin the CMSSM parametespacewherethe two contri-
butionsto the sneutrinovevs, (eq.(12)) canceleachotherfor oneparticularsign of
1. In theseregions, the loop contribution, m,; canbecomecomparabldo thetree
level massny andcancellation@mongm, andm;; cantake place.Here,thetwo
neutrinosorm apseudo-Dira@airwith acommonmassmngs, relevantfor solutions
of the neutrinoanomalieq9].

e Themixing matrixis givenby theproductOz, 0. Evenin thecasewhereO, allows
only small mixing, large mixing canbe generatedrom Oy, asit dependsnly on
theratiosof the R-parity violating parameter§9].

¢ Eventhoughtheneutrinomassesiresuppresseih thesescenariosthey aretypically
of the O(MeV). Thus,the R-parity violating parameterfiave to be chosento be
muchsuppressedomparedo thetypical orderof thesupersymmetribreakingscale
if neutrinomassesireto be of theright orderto solve the neutrinoanomalieg8,9].

e Numericalresultsfrom Hempfling [8] shav that solutionsfor solar (either with
MSW corversionor vacuumoscillations)andthe atmospherimeutrinoanomalies
canbeaccommodatedaturallywithin thesemodels.

2.3 MMM or minimalmessengr model

The minimal messengemodelof gaugemediatedsupersymmetrpreaking[17] is char
acterizedby the vanishingof B and A parameterst the high scaleX ~ few hundred
TeV. Themasgermsfor theleptonsandoneof the Higgs (H;) areequalatthe highscale,
whereaghe B; termsare assumedo vanish,thus giving rise to universalityin the soft
termsrelevantfor the neutrinomassspectrum.The frameawork is more constrainedhan
the CMSSM, as the neutrinomassspectrumis now essentiallycontrolledby only four
parametersamelyA andthethreeR-parity violating couplings ;.

The parametesé < 1 over mostof the parametespace . The approximatesigervalues
for theneutrinosaregivenas[11]:

Mys ~ Mo + Mip,

m my
2~ cgsgir. (23)
My, mo + Map

Themixing is essentiallydictatedby Oy, asthe mixing from O,, is very small. Thus,we
seethat the featuresof the neutrinomassspectrumlike hierarchicalstructureand large
mixing continueto stayin this framework also. But, dueto thevery constrainedhatureof
this framework, it hasthe following consequenceshenonetriesto find solutionsfor the
neutrinoanomalieg11]:
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o |t hasbeenfoundthatsolutionsfor the boththe solar(eitherwith MSW corversion
or vacuumoscillations)and atmospherimeutrinoproblemscanbe accommodated
in this modelseparately

e Unlikein thecaseof CMSSM,thereexistsnoregionsin theMMM parametespace
wherethe loop massbecomesomparableo the tree level mass. This givesrise
to a stronghierarchywithin the masseigervalues. Consequentlythereis no pa-
rameterspacewheresimultaneousolutionsfor solar (with MSW corversion)and
atmospherimeutrinoproblemscanberealized.

e Thoughthelarge hierarchybetweernthe masseigervaluessuitsmorefor simultane-
oussolutionsof solar(vacuumoscillations)andatmospherimeutrinoproblemswo
large mixingsaredifficult to realizewithin the allowed parametespace.

It hasbeenpointedout in [11] that a non-minimalversionof this model, which allows
for a negative p parametercan reducethe large hierarchywithin the masseigervalues
andin factonecanhave regionsin the parametespacewheresimultaneousolutionsfor
theatmospheri@andthe solar(with MSW corversion)neutrinoproblemscanberealized.
Theseversionsof the modelsare intricately relatedto modelswhich try to solve the
problemin gaugemediatedsupersymmetripreakingscenariogl11].

3. Trilinear R, violation

Let usnow studythestructureof neutrinomasse the presencef trilinearleptonnumber
violating couplingsin thesuperpotentialHere,we consideonly A’ couplingsto bepresent
in the superpotentialWe will commenton the presencef A\ couplingslater. Thus,the R-
parity violating partof the superpotentials givenas

Wp, = Nijn LiQ . (24)

The )’ couplingsare27in numberanda priori it appearsghatthereis alot of arbitrariness
in themodel. It waspointedoutby Dreesetal [18] thatthisis notthecaseandameaningful
studyof the neutrinomassesn thesemodelscanbe madeif oneassumesill the A’ to be

of thesameorder Thoughthis modelhasmuchlargernumberof parameterghe neutrino

massspectrumrhasseveral similar featurego thebilinear R-parity violating models.

3.1 Theframavork

The trilinear R-parity violating couplingsalso give rise to neutrino massesoth at the
treelevel aswell asattheloop level similar to thatof bilinear R-parity violating models.
This is becausesvenin the presencef only trilinear lepton numberviolating couplings
in the superpotentiabilinear soft leptonnumberviolating termsaregeneratedn the soft
potentialdue to RG scalingat the weak scale[12,19]. Thus, at the weak scale,these
couplingsarepresenin the scalarpotentialgivenas

Vi=mg |5 " +miy, | HY |* +my, | Hy [ + [m], g, 7 HY

N 1.
—p ByHYHy — Bt Hy + Huc] + g(gf +@) (| HY |* = | Hy °)? +---. (25)
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TherelevantRG equationsvhich determineghebilinearsoftleptonnumbenviolatingterms
attheweakscaleare[12,19,20]:

dB;
dt

1 3 3 3
=B, [-2Y" =Y 4+ Zdy + —d
i ( 2 2 + 2042 + 10a1)

3 1 /
_Wﬂth ikk <§Bu + A?kk) )

d’rnz.I{1 9 3 3
—uth 2 [ —2yT — Zyt) - hP
at i ( 2 ) 3272

Q ' De
Aikk (m%h +mi, +2mPp + 245, A, + 2m2kk) . (26)

Sincethesetermsareabseniatthe Mgyt scaleandonly generatect the weakscale the
solutionsof theseequationsanberepresenteds
d
B’L = A;pphip/‘;/ip,

m12/,-H1 = )‘;pph‘;'ip’i;'w (27)
wherep is summedoverthe generationgaindthe parameters, ' representhe runningof
the standardparameter$5] presentin the RGE’s from the high scaleto the weak scale.
Theabove soft potentialeq. (25) would now giveriseto sneutrinovevs givenas

e — 12
Bivy —m;, g, 01

U;) = . 28
@) m}. + $m3 cos2p (28)
As notedearlier the sneutrinovevs so generatedvill now mix the neutrinoswith the
neutralinoghusgiving riseto atreelevel neutrinomassmatrix givenas

2 2\ /50N /47
T 2(—cuMy + 2M2cpsp(c + tan62))
We canfactorizethe X’ couplingsin theabove usingeq.(27) andrewrite it as
MGy = Niga i jpphippmo. (30)

In the above, mg containsall the restof the parametersvhich are dependentolely on
the soft SUSY breakingparameter$21]. Theloop inducedmassdueto the presencef
trilinear couplingsin the superpotentigll6] is givenas

loop 3 ! ! d M22k
Mij ™ = Tgmz Nk Ajrihi sin @, cos g In vER
= Nk /\;'klhiilhﬁkmla (31)
wherem; now parameterizesll the quantitieswhich are dependenbn the soft SUSY
breakingparametersWe seefrom the eqs(30), (31) thatboth the treelevel andthe loop

level neutrinomassesre proportionalto the down quark Yukawa couplings. Moreover,
they almosthave a similar structure. The only differencebeingthat the tree level mass
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matrix dependsonly on diagonal(X;,,) couplings,whereasloop massmatrix contains
co_ntrimtionsfrom both diagonaland n(_)n-diagona()\;jk, j # k) couplings. Exploiting
this fact,thetotal massmatrix canbewritten as

MY = (mo + ml))‘;'kkh%k/\gpphgp + mlhgzhg3A,~j, (32)
where
Aij = Nz Niza + Nizga Niog — Niaa Nigz — AizzgAjaa- (33)

In writing the above, we have neglectedcontributionscomingfrom O(h¢, hg) terms. The
first matrix in eq. (32) hasonly one eigervaluewhich is basicallyequialentto the tree
level contribution. Thetotal massmatrix hasthefollowing eigervalues:

My, R mlh32h§361,
My, N m,h§2h§362,
My & (mo +my)(al + a2 + al), (34)
where
a; = Nigk hgka
61 = (T A} — 2181 475 + 57 Aby),
8y = (A}, — 2151 Al + 52 AL,). (35)
The A} arefunctionsof X’ givenin [19]. From eq. (34) we seethat one of the mass

eigervaluesis basicallythe tree level massand the othertwo are governedby the loop
level contributions. Theratio of thetwo eigervaluesis givenby

d
My, myhd, ( O )
d 2
Myg mohgs \ >, Ai3s

mp ms

(36)

mo My
Thesecondine in theaboveis undertheassumptiorthatall the A"’ s areof thesameordet
In this limit, we seethattheratio of the masseigervaluesis completelyindependenof the
R-parity violating parametersnd only dependn the soft SUSY breakingparameters.
Thetotal mixing is governedby

C1C2 — §182€3  S1C2 + €152C3  S253
1
K=UU = | —syc1 —81c3c3 —8189 + c1¢ca¢3 283 |, (37)
5183 —83C01 C3

where
ax

Vai+ad2’
2 2\1
83 = M, (38)
Vai + a3 + a’

andtan 26, = (24],/A}; — Ab,).

Fromthe above, we seethatthe mixing is determinedby theratiosof the A’ couplings.
In thelimit, whereall the A’ couplingsareof thesameorderlargemixing is naturalin these
models.

S9 =
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3.2 Neutrinoanomaliesand constainedMSSM

Within the CMSSM framework, the treelevel contribution dominatesover the loop level
contribution for large regions of the parameteispaceleadingto hierarchicalpatternfor
the neutrinomassspectrum. However, similar to the caseof bilinear R-parity violating
scenariosfor oneparticularsignof i, thereexistsregionsin the CMSSMparametespace
wherethe two contributionsto the tree level masscanceleachother In theseregions,
the loop massbecomescomparableo the treelevel massreducingthe hierarchyof the
massspectrum.Thus,large hierarchyandlarge mixing continueto bethe mainfeaturesof
thesemodelgjust asin the caseof modelswith bilinearleptonnumberviolation. Themain
implicationsfor solutionsof the solarandatmospherimeutrinoanomaliesaresummarized
asbelow:

e Theratiom;/mg whichis typically of O(10~2) [19] togethemwith m/m; produces
theright hierarchyin masseigervalues(eq. (36)) for simultaneousolutionsfor at-
mosphericand solarneutrinoproblems(vacuumoscillations). Though,the mixing
betweerall thestateds naturallylarge constraintsrom the CHOOZ experimentcan
be accommodatedvithout fine tuning of the parameterg19]. The )’ is typically
requiredto be of the order10—*.

e Solutionsfor the solar neutrinoproblemwith MSW corversion(large mixing an-
gle) andatmospherimeutrinoproblemcanbe simultaneouslyaccommodateh this
modelfor regions of the CMSSM parameteispacewhere,m; ~ mg. As noted
above, this is possiblein the parameteispacewherethe two contritutionsto the
sneutrinovev canceleachother[19].

It shouldbe notedthat attemptshave beenmadeto understandhe neutrinoanomalies
in thesemodelswithout including the tree level contribution [18]. In sucha case,the
hierarchyof the masseigervalues(eq. (36)) is dependenbnly on m/my, which is in
theright rangefor simultaneousolutionsof the solarv problem(MSW corversion)and
the atmospherimeutrinoproblem. Addition of the tree level contribution increaseghis
hierarchymakingit more naturalto find regionsin parametespacewheresimultaneous
solutionsfor thesolarneutrino(with vacuumoscillations)andatmospherie problemscan
befound. Moreover, sincelargemixing is naturalin thesemodels,additionalassumptions
onthestructureof X’ couplingsviz., discretesymmetrieg18] or hierarchical22] patterns
arerequiredif onelooks for solutionsfor solarneutrinoproblemwith smallangleMSW
corversion.An analysisof theappropriatevaluesfor the productsof thetrilinear couplings
requiredto explain the existing neutrinoanomaliesand a comparisonwith the existing
boundsfrom otherexperimentshasbeenreportedn [23].

We have sofarconcentratedn A’ couplingsalone. Thesamediscussiomwill gothrough
if oneconsiders\ couplingsin the superpotentialThe treelevel masswould continueto
dominateover the loop mass,but the structureof mixing matrix would be differentfrom
heredueto theantisymmetryof the A couplings.

4. Discussion

We have considerecheresupersymmetritheorieswith both bilinear andtrilinear lepton
numberviolation separatelyand studiedthe structureof neutrinomassesand mixing in
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thesemodels. Naturallarge mixing and hierarchicalmassesre the main featuresof the
neutrinomassspectrumn thesemodels.The mainresultsare:

e Thebilinearsoft 4. termsplay animportantrole in determiningthe neutrinomass
spectrumin boththe bilinear andtrilinear leptonnumberviolation scenarios They
giveriseto sneutrinovevs which thenleadto the generatiorof treelevel masso the
neutrino. Sincethis massdominatesover the loop massfor mostof the parameter
spacethesetermsplay akey rolein determininghehierarchyof the massspectrum.

e Themixing is essentiallycontrolledby ratiosof the R-parity violating parameters.
Large mixing can be typically achievedin both trilinear andthe bilinear R-parity
violating scenariosby choosinghe R-parity violating parameterso be of the same
orderin magnitude.

e Assuminguniversalboundaryconditionsat the SUSY breakingscalegivesrise to
smallneutrinomassesln thesecasestheneutrinomassesreproportionako bottom
andthe tau Yukawa couplings. In the limit wheretheseYukawa couplingstendto
zero, neutrinomasses/anishin thesemodels. Additional suppressions required
through R-parity violating parametersif the masse@rerequiredto bein the right
rangeto explain the neutrinoanomalies.

¢ In the CMSSM framework, thereexists regionsin the parametespacewherethe
two contributionsto the sneutrinovev canceleachother In theseregions,theloop
level contribution becomegomparabldo thetreelevel contribution. In the bilinear
R, violating scenariothis leadsto the formationof a pseudo-Diragair, whereasn
the trilinear R, violating scenario this reduceshe hierarchybetweenthe masses,
makingit possibleto incorporatesimultaneousolutionsfor MSW andatmospheric
v problems.

¢ The CMSSM framawork with bilinear R-parity violation providesa naturalmodel
wheresolutionsfor solarand atmospherimeutrinoproblemscan be realized. Si-
multaneoussolutionsfor solarand atmospherimeutrino problemsare difficult to
realizein muchmore constrainedramewvork of MMM of gaugemediatedmodels
with bilinear R-parity violation, thoughonecansolve themseparately

¢ In the CMSSM frameawork with trilinear leptonnumberviolation, it is more natu-
ral to find parametespacewvheresimultaneousolutionsfor the solar(with vacuum
oscillations)andatmospherimeutrinoproblemscanbe realized. Simultaneouso-
lutions for solar(MSW, large angle)and atmospheria, problemscanbe foundin
regionswherethetreelevel massis comparablédo theloop level mass.To incorpo-
rateMSW corversion(smallangle) onehasto resortto additionalconditionsonthe
X' couplingssuchasdiscretesymmetriesor hierarchicabpatterns.
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