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We present models that can reconcile the solar and atmosphericneutrino data with the
existenceof a hot dark matter componentin the universe.This dark matter is a quasi-Dirac
neutrino whosemass mOM arisesat the one-loop level. The solar neutrinodeficit is explained
via nonadiabaticconversionsof r’~to asterile neutrinov~andthe atmosphericneutrinodata via
maximal to ~r oscillationsgeneratedby higherorder loop diagrams.For mDM 30 eV the
radiativeneutrinodecaycan lead to photonsthat can ionize interstellarhydrogen.In oneof the
modelsone canhave observablev.~to v~oscillation rates,with no appreciablev.~oscillationsat
acceleratorexperiments. In addition, there can be observablerates for tau numberviolating
processessuchas i- —~ 3e and r —~e + y. In the other model one can have sizeablev~to
oscillationrates,aswell assizeableratesfor muonnumberviolating processessuchas /L —3 e+ y,
p. —~e +majoronand p. —~3e.

1. Introduction

The existinghints in favour of nonzeroneutrinomassesincludethe existenceof
a hot darkmattercomponentas recentlysuggestedby COBE dataandthe deficits
observedin the solar r’e and atmosphericv~fluxes [1—6].Neutrino oscillations
would providethe most attractiveexplanationof thesefluxes,which seemto be in
conflict with standardtheoreticalexpectations[7,8]. A common understandingof
thesedataseemsproblematic,evenat the level of simultaneouslyfitting the three
phenomena.For example,one could have Ve r~oscillations in the sun with
8m2 iO~eV2, with the ~-‘~ asthe hot darkmatter(HDM) component(m~ few

eV). However, in this scenariothereis no room for oscillationsto accountfor the
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atmosphericneutrinoanomaly.Anotherpossibility is againto have~e oscilla-
tions in the sun,while —s v~oscillationsare responsiblefor the understandingof
the atmosphericneutrino data. In this casethereis no room for hot darkmatter.

This suggeststhe needfor the existenceof an additional light neutrino state,
which must be sterile in order not to affect the invisible Z width, successfully

predictedin the standardmodel.
In this paperwe proposean alternative scenariothat includessuch a sterile

neutrino ~ In this model the neutrino massscalesrequired for the joint explana-
tion of the HDM, the solarandthe atmosphericneutrinodataarisefrom radiative
correctionsassociatedto new Higgsbosonsat the electroweakscale. More than
just a fit, our model providesan underlyingtheory that successfullyexplainsthe
origin of thesescales.Unlike the case of seesawmodels[9], we relatethe small

mG/mDM ratio to a quantummechanicalloop suppressionfactor.The darkmatter
massparametermDM arisesat the one-looplevel, while the oscillationsresponsi-

ble for the explanationof the solarandatmosphericneutrino deficits ariseonly at
two andthreeloops.

In our model the HDM consistsof a quasi-Diracneutrino mademainly of v~
and T~. Onewould get the bestfit to the observationsby choosingits massto be
about3 eV leadingto (2,, 0.3 [101.In fact, a 3 eV Dirac-neutrinomight fit the
observationsevenbetter than theusuallyconsidered7 eV Majorana-neutrino,as it
would give morepoweron the largestscales.On the otherhand,if theHDM mass
is chosenas mDM 30 eV the photonsproducedin the radiativedecays,~DM ~

+ y havejust theright propertiesrequiresin order to ionize interstellarhydrogen,
as suggestedby observation[11]. The solar neutrino data are explainedvia the
MSW effect involving nonadiabatic ~e —‘ ~ transitions, while the atmospheric
neutrino datacanbe explainedvia v,~—~ r’~oscillationswith maximal mixing and

6M2 ‘~ 10_2_103 eV2. These values are in agreementwith the data of the
Kamiokandegroupandwith someof the 1MB studies,althoughnot thoseinvolving
stoppedmuons[6].

There canalsobe observable~‘e ~ ~T oscillationrates,that couldbe probedas a
byproduct of to r’~ searchesat the new generationof neutrino oscillation
experiments[12]. There are, however, no appreciablev~ to 11e or v,~to ~T

oscillationson scalesthat canbe presentlyprobedby acceleratorexperiments.The
model also leadsto tau numberviolating processessuch as T —~ 3e and r —~ e + y
with ratesthat can lie within the experimentalsensitivitiesof the next generation
of experiments.

In an alternative model basedon the e — T + ~i symmetry the experimentally
observableoscillationsratesare for 1~’e ~ i~, and similarly lepton flavour violating
processesnow arej~—~ e + y, p. —~ 3e and p. —~ e + J (J denotesthemajoron),with
ratesthat canlie within the presentexperimentalsensitivities.

Both models are compatiblewith laboratory, astrophysicaland cosmological
observations,including primordial nucleosynthesislimits.
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2. Neutrino massesand mixing

The existing hints from HDM, solar and atmosphericneutrino observations
restrictthe form of the neutrino massandmixing. As discussedabove,in order to
provide a common interpretationof thesedataone requiresthe existenceof a

sterileneutrino. If we restrictourselvesto matricesthat havea simpleunderlying
symmetry,we havetwo interestingpossibilitiesto consider:eitherwe choosethe

sterileneutrinoto be at the HDM scaleor at the MSW scale.The first possibility
wasconsideredin ref. [13]. Herewe focuson the alternativelogical possibility that
the sterile neutrino is at the solar neutrino mass scale. We also require the
existenceof a symmetrydefinedso that the HDM scaleis invariant,while the solar
and atmosphericneutrino oscillations arise as breaking effects. Our strategy
follows closely the lines of refs. [14,15].

We may write the neutrino massmatrix in the following form

p. ae a,~ a~
ae Cee m

M,, = a~ m M ‘ (1)

aT �eT M e~

wherethe basisis (r’
5, v~,x-’~~,~ ~‘. Forvaluesof the entriesm, M>> p., a,, e,~this

matrix hasan approximatee — p. + T symmetry.
The neutrino masseigenstatesaregiven in terms of the weak eigenstatesas

cos cos U — cos Urn sin U v, + sin °m ~s’ (2)

— ~ Ofl~cosU r’e + sin °m sin U ~‘ + cos U p~, (3)

P3 ~ cos U ~T + ~-v’~~sin U ~e + ~ (4)

i-’4 cos U v~+ ~ sin U Pe — ~ (5)

where now U denotesthe mixing between i-’e and i’, and
0m is the mixing of the

lighteststatesrelevant for the solarneutrino deficit.
For suitablechoicesof parametersobeyingthis hierarchythe heaviestneutrino

is quasi-Dirac,formedby v.,,, and i~and its massmDM canbe chosento be at the
HDM scale. The remaining neutrinos have much smaller massesat the MSW
scale,and their mixing can explain the deficit of solar i~’~neutrinos.Finally, the
splitting betweenr’.~and v~generatesoscillationsthat canexplain the observedp~

deficit in the atmosphericneutrinoflux.

* Anotherphcnomenologicallyviable alternative,consideredin sect.6, correspondsto having thesame

matrixbut in the reversedbasis(v
5, v,,, v~,
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Neutrino oscillations are characterizedby three different oscillation lengths.
The shortestone is due to the mass squareddifference betweenthe heavierand
lighter states,m~M,while the two long-scaleoscillations are due to the squared

massdifferenceof the lightest states5m
2, responsiblefor the explanationof the

solarneutrinodata, andthatof the heavieststates,denotedby 6M2, chosento fit

the atmosphericneutrino data.
For typical energies,the oscillationsat scalem~Mhaveoscillation lengthsthat

canlie in the regionof sensitivity of acceleratorexperimentsandtheir ratescould
be observable.The only significant oscillationat this level occursbetweenelectron
and tau neutrinos,and is characterizedby a mixing angle U. The oscillations of

muonneutrinosremain experimentallyunobservablein acceleratorbasedexperi-
ments.

The oscillations to the sterile neutrino i-’

5 are too small to be observed in

laboratory,but they could leadto importanteffectsin astrophysicsandcosmology.
Indeed,

11e’ v,~or uT conversionscould populatethe sterile statesv~in the early
universethusincreasingthe effectivelight neutrinonumberandconsequentlythe

primordial light elementabundances.The most dangeroustransitionsare those
from v.~or ~T to the sterile neutrino,characterizedby a squaresmassdifference
mDM. In order to preventthe overpopulationof the sterile neutrinosthe mixing
squaredbetweenthe heavyneutrinosandthe sterile oneshouldbe less thanabout
3 x 10~,for mDM ‘~ 3 eV [16], where we haveadoptedthe nucleosynthesislimit
~N,,<0.4. This would transforminto a limit for the massentries,

a~,,aTcosU+aesinU�0.002eV. (6)

Of all the oscillations v~-~ i-’

5 with solar neutrino scale 5m
2, the only one that

could be importantoncethe abovelimits are fulfilled is from v~into v~.This is
preciselythe channelthat is responsiblefor the explanationof the solarneutrino
data by the MSW effect and is characterizedby the mixing angle Urn. The

nucleosynthesisbound implies that thesesolar neutrino conversionsmust take
placein the nonadiabaticregime, excludingthe largemixing solution.

The oscillation from ,-‘~ to ~T is important for the explanationof atmospheric
neutrinos.Due to the assumedsymmetrystructure,this oscillationis characterized
by almostmaximal mixing. In order to accountfor the deficit of muon neutrinos
observedin containedeventsat undergrounddetectors(1MB, Kamiokandeand

Soudan2)oneshouldhave 3M2 10_2~~10_3eV2. From the point of view of our
models, it is hardto accountfor a smallervalueof the mixing would be indicated
by the most recent and controversial data on up-going muons from 1MB and

Baksan.

3. A model

We now briefly describea model that naturally embodiesthe structurede-
scribedabove,allowing a simple explanationof the HDM, solarand atmospheric



IT. Peltoniemi,J.W.F. Valle/ Dark matter 413

TABLE I
SU(2)®U(1)~®U(1)

0assignmentsof theleptonsandHiggs scalarsin themodel of sect. 3.

T-1 Y G

—1 1
—1 —1

0 —2 1
p.R 0 —2 ---1

p5 0 0
41 1 0

1 0
s~ 0 —2 0

0 —2
K 0 —4 2

0 —4
0 0

Anothermodel was discussedin sect. 6. In addition, for eachcaseone can obtainvariant modelsby
exchangingthe signsof the U(1)0 chargesof ~ ,~, ~<, E and o~.Both modelscan be formulatedwith
explicit or spontaneousbreakingof theU(1)0 symmetry. Only in thelatter caseis thescalara- present.

neutrinopuzzles.The lagrangianis given by

~h~J’IfLt4lRf +feCiT2~s++fI/~CiT21Ics+

+ ~eeRi-’s~7 - + 5~:T~RPS71- + ~ ~
/ , , ‘= e,T

+ M5 ~TT~s±+ MS~JKS~~~K

(7)

The quantumnumbersaresummarizedin table 1. The terms on the first line in

the aboveequationgeneratethe entries m and M in eq. (1) at the one-looplevel,
as a resultof electroweakbreaking(see fig. la) andmay be written as [17,18]

m~f~~g2~ ln(m~/M~) ln(m~/M~)
M~mDM—~ — ________ — sin 2/3 (8)

32’?r
2Mwv 1—m~/M~ 1—m~/M~

where g
2 is the SU(2) gaugecoupling, M1 and M2 are the physical massesof the

relevantsinglechargedHiggs, their mixing angleis denoted/3, and u and i denote
the vacuumexpectationvaluesof the two Higgsdoublets.Theseparameterscan
easily be chosenso as to provide the massof the HDM neutrino.The mixing of
this darkmatterneutrino(see below) is determinedfrom

m m~,f~e

(9)
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Fig. 1. Diagramsgeneratingneutrinomassesfrom radiative corrections(here /, /‘ = e, r). Theblobs
denoteexplicit e— p. + i- soft breakingterms.

In the absenceof the last threetermsof eq.(7) the model would havean exact
global symmetry correspondingto e — p. + T conservation.We can imagine that

eitherthesearesmall soft breakingterms(dimension less thanor equalto three)
or that, alternatively, a new singlet field a- with the appropriatecharge is
introduced.In the latter casethe symmetrywould be brokenspontaneouslyby the
vacuumexpectationvalue (a-> thusgeneratinga majorongiven by J = Tm a-. The
spontaneousviolation of this global symmetry at or below the electroweakscaleis
not in conflict with existing observations,including astrophysicsand cosmology.
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For example,the couplingof the majoron to electronsdoesnot lead to excessive
stellar energy loss [19]. Moreover,the decay ~DM —~ ~Iight +J can be arrangedso
that the resulting lifetime is longer than the ageof theuniverseT —‘ 1017 sec. This

ensuresthat the HDM neutrinosare still thereto form the darkmatter.
Whichever way this symmetry is broken, the other entriesin eq. (1) will be

generatedby higherorder, two andthreeloop diagrams.For definitenesswe will
assumein what follows that the global G symmetry is broken explicitly by soft

terms quadraticand cubic, as in eq. (7). As a result theseentries are naturally
small. In addition, they have definite chargesunder the G symmetry given by:
p. —~ —1, ae, aT —p ~, a~, * ~, ~ ~eT’ cT —s 2 and —* —2. In contrast,the
entriesm and M are invariant underthe U(l)0 symmetry.

The valuesof the small massmatrix elementsa,, p. may be obtainedfrom the
two-loop diagramin fig. 1, while the e,~arise only at the three-loop level. They
may be estimatedas

‘- _______________

10
~ 4~2

a/3=er “~ ~

~ iT3
a’-~E-~ — (11)

a=er 256~r
4M~ v

mafMa~MsnKM~M,~
a~ a~r 2563r4M~ , (1~.)

~ s,c2 ~2A,f2S~K ~

2048~6M~v2 , (13)

m~f~f~g~M~,,M,
7l~.MK

2~
e (14)

2048ir6M~’

where 8 = e, ‘r, and M
0 is a typical scalarmass.

It is easyto choosetheparametersso that they canaccountfor the darkmatter
and solar neutrino massesand mixing (dm

2 ‘~ 3 X 10—6 eV2, sin 22Um ‘~ 0.007),
while ~M2 lies in the rangesuggestedby some atmosphericneutrinoobservations
(10_3_102eV2). For example,one could choosefe~= iO~,f,~= iO—~,gee=

0.05, g~= 0.005, g~T= 0.001, ~e = ~X 10, ~T = iO~~M
5,~= 2 GeV, M,,— = 20

GeV, ~ = M,,,~= 200 GeV, M0 = 45 GeV, i) = 200 0eV, i~= 130 GeV, sin /3
= 0.3.

Note that it is also possibleto obtain a variantmodel by exchangingthe signsof
the U(l)G chargeassignmentfor v~,77, 1< and ~E’.If the scalara- werepresent,its G
assignmentwould also be reversedin this new model. In what follows we will, for

simplicity, not considerthis variant.
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4. Magnetic momentsand radiative decay

The transitionmagneticmoment matrix of neutrinos is generatedby graphs
similar to thosethat generatethe massmatrix,but with a photonline inserted.The
entryconnectingelectronandmuonneutrinosis given by [181

em~f,~~g
2T3 1—r

2 M~ 1
p. —sin 2/3 1 — ln— — —ln r2 (15)

“° 16iT2M~M~,v r2 m~ r2

where r = M
2/M1.

Although the individual componentsof the transitionmagneticmomentmatrix
are approximatelyproportional to the sameentriesin the massmatrix, the full
matricesarenot. Indeed,on very generalgroundsoneknown that the massmatrix
of two-componentneutrinosis symmetric, while the magneticmomentmatrix is
antisymmetric[20]. Moreoverthe form factorsaredifferent andit is easyto check
that, after suitable rotation in the e~plane, thereremainsa nonzerotransition
momentbetweenthe heavyandlight masseigenstates

p. = p.~cos U + sin U. (16)

In termsof the neutrino massit can be given by

p. — 2e-~~sin 4F(m1, M1, M2), (17)

whereF is a smoothfunction of the internalchargedlepton massesm, andHiggs

massesM1 and M2, varying from 1 to 10 for reasonablevaluesof the parameters.
Within the experimentallimits on neutrino mixing and Higgsbosonmassesthat
follow from negativeneutrino oscillation [24] and Higgsbosonsearches[261one

can reachvaluesup to 3 x 10_14 p.~for mDM = 30 eV.
In order to account for the photon flux ionizing interstellar hydrogenone

shouldhave M—~30 eV and p. 10— 14 ~ It is easyto verify that both require-
mentscaneasily be met in our model.However, a 30 eV hot darkmatterneutrino
madeout of two active components,u~and ~ may causeproblemswith several
observations.For example,the ratio of the neutrinodensityto the critical density

is determinedfrom

Em
(2= (18)

h
291 eV

where h is the (dimensionless)Hubble constant.If we require that the densityof
the universebe the critical density, as suggestedby inflation, the age of the
universeis given by

2
(19)

3H
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Two 30 eV neutrinoswould then imply that the ageof the universeto be 8 Ga,
which contradicts the observationallower limit 10 Ga. In principle this age
problem couldbe avoidedby relaxingthe requirementthat 12= 1. Onecould have
acceptableagesof more than ten billion yearswith Q� 3.

Modelswith only hot darkmatteralso havedifficulties to explain the structures
observed in the universe.Thesecould be correctedby imposing strong bias on
theseschemes,as could arisefrom topological defectsin the very early universe,
e.g. cosmic strings. Thesecould produce substantialseedsfor galaxy formation
while the galactichaloscanbe explainedby baryonicmatter.In factthereseemsto
be some evidencethat HDM plus cosmic stringshas roughly the propertiesthat
seemto be requiredfor galaxy formationand is in agreementwith COREresults
[211.

5. Rare decays

Our choice of the symmetry group allows tau leptons to decay to final states
involving electron and something else. With the couplings defined in the la-
grangian,the fastestnew decaymodewould be the decayto two electronsand a
positron. It occursthrough the tree-levelgraphof fig. 2, and its branchingratio is
given by

BR(T—*3e)~egeTg (20)

The experimentalconstraintsof our model allow this to be as largeas the present
experimentallimit (4 x iO~)[24], which makesit reasonableto searchfor this
process in future tau factories. The most obvious choice of the parameters
providing the solutions to darkmatter, solar neutrino and atmosphericneutrino
problemsyield branchingratios inaccessibleto any feasible experiment,but there
is a certaincompletelynatural regionof parametersgiving observablerateswhile

at the same time reconciling the above problems. For example, our previous
samplechoicegives BR(T —s 3e) —‘ 3 X 10~.

At one-loop level one can haveradiative tau decays.For a certain rangeof
parametersthis canalso be observable,but it is likely to be smallerthan the decay
to electrons.The branchingratio is given by

0eV ~
~ —~— . (21)

If we chooseto break the symmetryspontaneously,the tau can decay into an
electronanda majoron,with a branchingratio

M~(cr>
2

BR(r-_se+J)ee5X106g~~g~~“Ms (22)
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Fig. 2. Diagramsresponsiblefor thedecaysr —* e+ J and i- —‘ e+ y and i- —~3e.

where MK is the cubic KSa- coupling constantand all massesare expressedin
0eV. For the aboveparameterchoice andsimilarly for any other natural choice
that reconcilesall the threeproblemsthis is expectedto be below experimental
detectability.However, relaxingthe atmosphericneutrinoconditionthe majoronic
decaycouldbe as largeas the current searchlimit.

All otherraredecays,especiallythoseinvolving muons,aremoresuppressed,as

they requirethe violation of our global symmetry.

6. The e —, + p. model

An entirely similar, physically inequivalentmodel canbe obtainedby replacing
theunderlyingglobalsymmetrye — p. + T by the e — T + p. symmetry.Forthis case
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we canapply the previousformulae,with p. andr interchanged.A veryimportant

differenceis that now the most relevantmixing angleis that betweenelectronsand
muons,which is given by

m fe
tan6~-~e~~---- (23)

Jp~T

whichcontrolsthe ratesfor to ~eoscillationsat accelerators.Existing laboratory
experimentsrestrict this mixing angle to sin226 <0.004 [24], which gives for the
coupling constantsa bound feT <0.03 ~

Onecan easilygeneratea massmatrix that satisfiesour previousdarkmatter,
solarandatmosphericneutrinoconditions,for examplewith thechoice feT = i0~,

= 4 x iO~,g~= 6 x iO~,g~= 3 X iO~,g~= 0.2, ~ = 10~,4 = 2 X 10~,
M

55~= 5 GeV, M,,— = 100 GeV, M5~,,= ~ 170 GeV, M0 = 160 GeV, v = 80
GeV, i3 = 240 GeV, sin /3 = 0.2. On the otherhand,it is moredifficult to generate
sizeablemagnetictransitionmoments,becauseof the morestringentboundfor the
mixing of electronandmuonneutrinos,andlessfavourableintegral factors.

The estimatedbranchingratios of (epton flavour violating muon decaysand
their presentexperimentallimits [241aregiven by

2 2 ~
ge~gee W —

BR(p.—s3e)~ —�10 (24)
g~M~

GeV “
~ �5X lO~, (25)

M4(cr>
2GeV2

BR(p. —* e +J) — 109g~g~ M8 � 2.6 X 106, (26)

where the last processexists only if we havethe spontaneousviolation of the
underlyingglobal symmetry.Similar valuescanbeenfound in theliterature for the
first two modes [25]. One can easily verify that all theserates can reachvalues
within the sensitivitiesof presentandfutureexperiments.Our sampleset of values
gives 4 x i0’~ for the case of p. —~ 3e, 2 x 10 12 for p. —~ ey decaysand

2>< 106 for the majoron emitting decaymode (choosing(a-> = 170 0eV). It is
quite possibleto obtainvalue of thesebranchingratios in excessof presentlimits
[24]!

7. Discussion

We have analyzedinteresting symmetriesof the leptonic electroweakinterac-
tion which aresuggestedin order to reconcilethe solarand atmosphericneutrino
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data with the hot dark matter component in the universe. This requires the
presenceof a fourth light neutrino speciesu~,singlet under the SU(2) ® U(1)
symmetry.We havealso providedconcretemodelsthat embodythis symmetryand
in which the HDM is a quasi-Diracneutrino formed by u~and v~whosemass
mDM is inducedat the one-looplevel. Unlike a previoussuggestion,in the present
model the sterileneutrinois ultralight, andthe solar neutrinodeficit is explained
via nonadiabaticconversionsof 1~’e to u-’

5, while the atmosphericneutrinos are
explainedvia maximal to ~T oscillations. Both oscillations are generatedas
breaking effects and arise as higher order loop diagramswhich can naturally
providethe requiredsmall masssplittings.

For mDM 30 eV the radiativeHDM decayleadsto photonsthat can ionize
interstellar hydrogen.The price is that, for (2 = 1, we have a relatively young

universewith 8 Ga. The completeinner consistencyof this possibility from the
particle physics point of view and its ability to explain other astrophysicaland
cosmologicalpuzzlesin an attractiveway highlight, in our opinion, the interest in
further pushingon the determinationof the ageparameter.

The ~e to v~ oscillationscan have experimentallyobservablerates, with no
appreciablev~,oscillations expectedat acceleratorexperiments.In addition, this
model can leadto taunumberviolating processessuchas T —f e + y, T —~ e + J and

—~ 3e with ratesthan can lie within the sensitivitiesof future tau factories.
In thevariantmodeldescribedin sec. 6 the oscillationsthat are phenomenologi-

cally relevant for acceleratorexperimentsare
1e to v,~, and they can have

experimentallyobservablerates.In this casethe lepton flavour violating processes
involve muons,e.g. p. —~ 3e, p. —~ e + y and p. —~ e + J. Their ratescan lie within
the sensitivitiesof presentexperiments.

We stressthat thesemodelsare compatiblewith laboratory,astrophysicaland
cosmologicalobservations,including primordial nucleosynthesislimits. The new
Higgsbosonspresentin thesemodelsalsomodify the baryogenesisconditions[22].
Conventional models for the generationof the baryon asymmetrywithin the
standardmodel are likely to contradict[23] the laboratory limits for the Higgs
bosonmasses[26]. Theseconstrainsmay be avoidedin multi-Higgs models, like
ours. We can also have large CP violation eitheron the Yukawa couplings,or in
the Higgssector.Theseeffectswould not be restrictedby the physicsof the quark
sector,as our new Higgsesdo not coupleto quarks.
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