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Neutrino anomalies without oscillations

SANDIP PAKVASA
Departmentof PhysicsandAstronomy, Universityof Hawaii, Honolulu,HI 96822,USA

Abstract. I review explanationsfor the threeneutrinoanomalies(solar, atmosphericandLSND)
which go beyondthe‘conventional’neutrinooscillationsinducedby mass-mixing.Severalof these
requirenon-zeroneutrinomassesaswell.
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1. Introduction

As is well-known, it is notpossibleto accountfor all threeneutrinoanomalieswith just the
threeknown neutrinos����������	 and ��

� . If oneor moreof themcanbeexplainedin some
otherway, thennoextrasterileneutrinosneedbeinvoked.Thisis onemotivationfor exotic
scenarios.In any caseit is importantto rule out all explanationsotherthanoscillationsin
orderto establishneutrinomixing andoscillationsastheuniqueexplanationfor thethree
observedneutrinoanomalies.

I shouldmentionthat,in general,some(but not all) non-oscillatoryexplanationsof the
neutrinoanomalieswill involve non-zeroneutrinomassesandmixings. Therefore,they
tend to be neitherelegantnor economical. But the main issuehereis whetherwe can
establishoscillationsunequivocallyanduniquelyasthecausefor theobservedanomalies.

I first summarizesomeof theexotic scenariosandthenconsidereachanomalyin turn.

2. Mixing and oscillations of massless � ’s

Therearethreedifferentwaysthatmasslessneutrinosmaymix andevenoscillate.These
areasfollows:

1. If flavor statesaremixturesof masslessaswell massive states,thenwhenthey are
producedin reactionswith Q-valuessmallerthanthemassivestate;theflavor states
aremasslessbut not orthogonal[1]. For example,if ������������������ � � � , ��	��� �������� 	 � � � and � � ��� for  !�#" to 3 but � � = 50 GeV; then‘ � � ’ producedin$

-decayand‘ � 	 ’ producedin % -decayaremasslessbut not orthogonaland& ���('���	*)+�-,.�!/� � �0	 � (1)
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On theotherhand � � and � 	 producedin 1 decaywill not bemasslessandwill be
morenearlyorthogonal.Hence,thedefinitionof flavor eigenstateis energy andre-
actiondependentandnot fundamental.Currentlimits [2] on orthogonalityof ���2�3��	
and ��
 makeit impossiblefor this to playany role in thecurrentneutrinoanomalies.

2. Whenflavor changingneutralcurrentsaswell asnon-Universalneutralcurrentcou-
plingsof neutrinosexist, onehas,for example:46587
9(:; <-=8>�?�A@CBC	D�C
FE >GIH BC	 GIHKJMLON P?NRQJ 43S5 7T9 :; < =U>� � H B 	 � � EV, >� 
 H B 	 � 
 H Q =W>G H B 	 G H Q0N (2)

Suchcouplingsarisein R-parityviolating supersymmetrictheories[3]. In general,
in thesetheories,oneexpectsneutrinomassesat somelevel, hereit is assumedthat
theFCNCprovidesthedominanteffect. In this casethepropagationof � � and � 
 in
matteris describedby theequation: XXCY Z � �� 
\[ H � Z^] J $ BB , $ [ Z � �� 
![ H � (3)

where
] � 9(:W_ � � $ � 4 5 9(:`_ 5 and Ba� 4 S 5 9(:b_ 5 . Thereis a resonanceat

] J< $ �c� or 4 5 �d,\"�e < _ � e _ 5 and � � canconvert to � 
 completely. This matter
effect which effectively mixesflavors in absenceof masseswasfirst pointedout by
Wolfensteinin the samepaper[4] wheremattereffectswerefirst discussed.The
resonantconversionis just like in theconventionalMSW effect,exceptthat thereis
no energy dependenceand � and >� areaffectedthesameway. This possibilityhas
beendiscussedin connectionwith bothsolarandatmosphericanomalies.

3. (a) Flavor violating gravity whereinit is proposedthat gravitational couplingsof
neutrinosareflavor non-diagonal[5] andequivalenceprinciple is violated. For ex-
ample,� � and ��f maycoupleto gravity with differentstrengths:gihkj ��l � 9\mDn J l f 9\mDn (4)

where n is thegravitationalpotential.Thenif � � and � 	 aremixturesof � � and ��f
with a mixing angleo , oscillationswill occurwith a flavor survival probabilityp �q"r,tsku�v f < o0sku�v f Z "<xw l nWm!y [ (5)

when n is constantoverthedistancey and w lz�{l � ,|l f is thesmalldeviationfrom
universalityof gravitationalcoupling.Equivalenceprincipleis alsoviolated.

(b) Anotherpossibility is violation of Lorentz invariance[6] whereinall particles
have their own maximumattainablevelocities(MAV) which areall differentandin
generalalsodifferent from speedof light: then if � � and � f areMAV eigenstates
with MAV’s } � and } f and �?� and ��	 aremixturesof � � and � f with mixing angleo ,
thesurvival probabilityof a givenflavor is
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Neutrinoanomalieswithoutoscillationsp �q"r,tsku�v f < o|sku�v f Z "< w } m!y [ � (6)

wherew }i��} � ,t} f .
As far asneutrinooscillationsareconcerned,thesetwo casesareidentical in their
dependenceon y�m insteadof y e m asin theconventionaloscillations[7].

3. Neutrino decay

Neutrinodecay[8] implies a non-zeromassdifferencebetweentwo neutrinostatesand
thus,in general,mixing aswell. I will considerhereonly non-radiativedecays.Weassume
acomponentof ��~O� i.e., � f , to betheonly unstablestate,with a rest-framelifetime ��� , and
we assumetwo flavor mixing, for simplicity:��	i� P�� sCo
� f J sku�vroT� � (7)

with ��f\��� � . Fromeq.(2) with anunstable��f , the � ~ survival probabilityisp ~T~^��sku�v � o J�P�� s � o��I�*����, ] y e m � (8)J < sku�v f o P�� s f o?���C����, ] y e < m � P�� sI� w � f y e < m �6�
wherew � f ��� ff ,z� f � and

] ��� f e��I� . Sinceweareattemptingto explainneutrinodata
withoutoscillationstherearetwo appropriatelimits of interest.Oneis whenthe w � f is so
largethatthecosinetermaveragesto 0. Thenthesurvival probabilitybecomesp 	�	V��sku�v � o J�P�� s � o��I�C����, ] y e m � N (9)

Let this becalleddecayscenarioA. Theotherpossibilityis when w � f is sosmallthatthe
cosinetermis 1, leadingto a survival probabilityofp 	�	V����sFu�v f o J�P�� s f o����C���F, ] y e < m �F� f (10)

correspondingto decayscenarioB. Decaymodelsfor bothkindsof scenarioscanbecon-
structed;althoughthey requirefine tuningandarenot particularlyelegant.

4. LSND

In theLSND experiment,whatis observedis thefollowing [9]. In thedecayat rest(DAR)
which is �O����������� >��	 which shouldgivea pure ��� signal,thereis aflux of >� S� sat a level
of about � N "2�C�b� of the � S� s. (Thereis a similar signal for � S� s accompanying >� S� s in the
decayin flight of �������
� >������	*� . Now this couldbe accountedfor without oscillations
[10] providedthattheconventionaldecaymode�O�������0��� >��	W���������
� >������	C� is accom-
paniedby theraremode�O�����2� >�?�3�#� ���t���
����� >��� ata level of branchingfractionof� N "¡�8�W� . Assuming� to bea singleparticle,whatcan � be?It is straightforwardto rule
out � asbeing(i) � 	 (too largea ratefor muonium–antimuoniumtransitionrate),(ii) � �
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(too largearatefor FCNCdecaysof ¢ suchas ¢��£� >� J >�O��� and(iii) � 
 (too largearate
for FCNCdecaysof � suchas �^�£�O����� .

Theremainingpossibilitiesfor � are >��~ or ��¤ ¥�¦ j § ¨ ¦ . No simplemodelsexist which lead
to suchdecays.RatherBaroquemodelscanbeconstructedwhich involvea largenumber
of new particles[11].

Experimentalteststo distinguishthis raredecaypossibilityfrom theconventionaloscil-
lation explanationareeasyto state.In theraredecaycase,therateis constantandshows
no dependenceon y or m .

Onecanalsoaskwhetherthe >� � eventsseenin LSND couldhave beencausedby new
physicsat the detector;for examplea small ratefor the ‘forbidden’ reaction >� 	 J�© �ª�J �2� . This is ruled out, sincea fractional rateof � N "¡�C�b� for this reaction,leads(via
crossing)to a ratefor thedecaymode %O�������0� 	 in excessof known bounds.

5. Solar neutrinos

Oscillationsof masslessneutrinosvia flavor changingneutralcurrents(FCNC) andnon-
Universalneutralcurrents(NUNC) in matterhave beenconsidered[3,12] asexplanation
for the solarneutrinoobservations,mostrecentlyby Babu, GrossmanandKrastev [13].
Using the most recentdatafrom Homestake, SAGE, GALLEX andsuper-Kamiokande,
they find goodfits with 43«­¬ "¡�C� f and 4 S« ¬ � N 7 � or 46®¯¬ 0.1 to 0.01with 4 S ® ¬ � N±°
² .

Sincethemattereffect in this caseis energy independent,theexplanationfor different
suppressionfor ³ B, ´ Be and ©
© neutrinosas inferred is interesting. The differing sup-
pressionarisesfrom the fact that productionregion for eachof theseneutrinosdiffer in
electronandnucleardensities.ThissolutionresemblesthelargeangleMSW solutionwith
thedifferencethattheday–nighteffect is energy-independent.

Themasslessneutrinooscillationsdescribedin eq. (6) alsooffer a possiblesolutionto
solarneutrinoobservations.Therearethreesolutions.Two arecharacterizedby sku�v f < o ¬< N "¡�8�W��� w }Ce < ¬{µ N "¡�C� ��¶ and sku�v f < o ¬ � N·² � w }Ce < ¬ "2�C� f � ; theseareanalogsof thesmall
angleMSW andlargeangleMSW solutions[14]. Thesearenow ruledout [15] (for both� � ,�� 	 and � � ,�� 
 � by therecentNUTEV data[16]. Thethird oneat sFu�v f < o ¬ " and� w }8e < � ¬ "2�C� f � (the analogof the vacuumsolution)is the only oneallowed [17]. This
possibilitycanbetestedin longbaselineexperiments.

Thepossibilityof solarneutrinosdecayingto explain thediscrepancy is a veryold sug-
gestion[18]. Themostrecentanalysisof thecurrentsolarneutrinodatafindsthatno good
fit canbe found: �0� �V¸ � N µ and �¡¹ ( m �º"¡� MeV) ¬£µ to 27 seccomeclosest[19].
The fits becomesomewhatbetteronly if the suppressionof the solarneutrinosis energy
independentasproposedby severalauthors[20] (which is possibleif theHomestake data
areexcludedfrom thefit). Theaboveconclusionsarevalid for boththedecayscenariosA
aswell asB.

6. Atmospheric neutrinos

ThemasslessFCNCscenariohasbeenrecentlyconsideredfor theatmosphericneutrinos
by Gonzales–Garciaet al [21] with themattereffect suppliedby theearth.Goodfits were
found for the partially containedandmulti-GeV eventswith 465�¬ "
� 4 S 5 ¬ � N � < aswell
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Neutrinoanomalieswithoutoscillations4 5 ¬ � N �?»8� 4 S 5 ¬ � N � ² . The fit is poorerwhenhigherenergy eventscorrespondingto up-
comingmuonsareincluded[22,23].Theexpectationsfor futureLBL experimentsarequite
distinctive: for MINOS, oneexpects

p 	�	 ¬ � N " and
p 	�
 ¬ � N ¼8N The story for massless

neutrinososcillatingvia violation of equivalenceprinciple or Lorentz invarianceis very
similar. Assuminglarge ��	D,M��
 mixing, and w }Ce < ¬ < N "2�C� fkf � a goodfit to thecontained
eventscan be obtained[24]; but as soonas multi-GeV and thrugoingmuon eventsare
included,thefit is quitepoor[22,23].

Turningto neutrinodecayscenarioA, it wasfoundthatit is possibleto chooseo and
]

to
provideagoodfit to thesuper-Kamiokandey e m distributionsof � 	 eventsand � 	 e�� � event
ratio [25]. Thebest-fitvaluesof the two parametersare P�� s f o ¬ � N » ² and

] ¬ " GeV/½¿¾
, where

½¿¾ ��" < »?�
� km is thediameterof theEarth.Thisbest-fit
]

valuecorresponds
to a rest-frame��f lifetime of���.��� f e ] ¬ � f��"À�IÁ\�¿Â "2� � � � s N (11)

However, it wasthenshown that thefit to thehigherenergy eventsin super-K (especially
theupcomingmuons)is quitepoor[22,23].

In all thesethreecases,the reasonthat the inclusionof high energy upcomingmuon
eventsmakesthefits pooreris verysimple.Theupcomingmuonscomefrom muchhigher
energy � S	 sandalthoughthereis somesuppression,it is lessthanwhatisobservedfor lower
energy eventsat thesamey (zenithangle).This is in accordancewith expectationsfrom
conventionaloscillations.Theenergy dependencein theabovethreescenariosis different
andfails to accountfor the data. In the FCNC casethereis no energy dependenceand
so the high energy � S	 s shouldhave beenequallydepleted,in the FV gravity (or Lorentz
invarianceviolation) at high energiesthe oscillationsshouldaverageout to give uniform
50%suppressionandin thedecayA scenariodueto time dilation thedecayis suppressed
andthereis hardlyany depletionof � S	 s.

Turning to decayscenarioB, considerthe following possibility [26]. The threeweak
couplingstates��	b�3��
C���?Ã (where��Ã is asterileneutrino)mayberelatedto themasseigen-
states� f � � � � by theapproximatemixing matrix.ÄÅ ��	��
��Ã

ÆÇ � ÄÅ PI� sCo sku�vro��,Èsku�vro P�� s8oÉ�� � "
ÆÇÊÄÅ � f� �� �

ÆÇ
(12)

andthedecayis � f � >� � JiË . Theelectronneutrino,whichweidentify with � � , cannotmix
verymuchwith theotherthreebecauseof themorestringentboundson its couplings[27],
andthusourpreferredsolutionfor solarneutrinoswouldbesmallanglematteroscillations.

Thenthe w � ff � in eq. (1) is not relatedto the w � ff � in thedecay, andcanbevery small,
say Ìq"¡�8� � �IÁ f (to ensurethatoscillationsplay no role in theatmosphericneutrinos).In
thatcase,theoscillatingtermis 1 and

p ����	i����	8� becomesp ����	¿����	8�0�É��sku�v f o JMPI� s f o�� � ~ H`Í f ¾ � f N (13)

This is identicalto eq.(13) in ref. [8].
In orderto comparethepredictionsof this modelwith thestandard��	¿Îd��
 oscillation

model,we have calculatedwith MonteCarlomethodstheeventratesfor contained,semi-
containedandupward-going(passingandstopping)muonsin thesuper-K detector, in the
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absenceof ‘new physics’,andmodifying themuonneutrinoflux accordingto thedecayor
oscillationprobabilitiesdiscussedabove. We have thencomparedour predictionswith the
super-K data[25], calculatinga Ï f to quantify the agreement(or disagreement)between
dataandcalculations.In performingour fit (seeref. [22] for details)we do not take into
accountany systematicuncertainty, but we allow the absoluteflux normalizationto vary
asa freeparameter

$
.

The‘no new physicsmodel’givesaverypoorfit to thedatawith Ï f � < »8" for 34d.o.f.
(35binsandonefreeparameter,

$
). For thestandard��	iÎd��
 oscillationscenariothebest

fit has Ï f ���
� N � (32 d.o.f.) andthevaluesof the relevantparametersare Ð­� f �É� N < Â"¡�8�W� eVf , sku�v f < oz�Ñ" and
$ �Ò" N " ° . This resultis in goodagreementwith thedetailed

fit performedby the super-K collaboration[25] giving us confidencethat our simplified
treatmentof detectoracceptancesandsystematicuncertaintiesis reasonable.The decay
modelof eqs(3) and(4) above givesanequallygoodfit with a minimum Ï f �É�
� N·² (32
d.o.f.) for thechoiceof parameters� ¹ e�� ¹ � µ �rÓ*Ô^e�Õ¯�¡Á­� P�� s f o­��� N �?� (14)

andnormalization
$ �q" N " ² .

In figure1 wecomparethebestfitsof thetwo modelsconsidered(oscillationsanddecay)
with thesuper-K data.In thefigurewe show (asdatapointswith statisticalerrorbars)the
ratiosbetweenthesuper-K dataandtheMonteCarlopredictionscalculatedin theabsence
of oscillationsor otherform of ‘new physics’beyondthestandardmodel.In thesix panels
we show separatelythe dataon � -like and � -like eventsin the sub-GeVandmulti-GeV
samples,and on stoppingand passingupward-goingmuon events. The solid (dashed)
histogramscorrespondto the bestfits for the decaymodel( ��	�ÎÖ��
 oscillations). One
canseethat thebestfits of the two modelsareof comparablequality. Thereasonfor the
similarityof theresultsobtainedin thetwo modelscanbeunderstoodby lookingatfigure2,
wherewe show the survival probability

p ����	�����	C� of muonneutrinosasa functionofy e m ¹ for the two modelsusingthebestfit parameters.In thecaseof theneutrinodecay
model(thick curve)theprobability

p ��� 	 ��� 	 � monotonicallydecreasesfrom unity to an
asymptoticvalue sku�v � o­×�� N 7 ¼ . In thecaseof oscillationstheprobabilityhasa sinusoidal
behaviour in y e m ¹ . The two functionalforms seemvery different;however, taking into
accountthe resolutionin y e m ¹ , the two forms arehardlydistinguishable.In fact, in the
large y e m ¹ region, the oscillationsare averagedout and the survival probability there
canbe well approximatedwith 0.5 (for maximalmixing). In the region of small y e m ¹
both probabilitiesapproachunity. In the region y e m ¹ around400 km/GeV, wherethe
probability for the neutrinooscillationmodelhasthe first minimum, the two curvesare
mosteasilydistinguishable,at leastin principle.

Decaymodel

Thereare two decaypossibilitiesthat can be considered:(a) ��f decaysto >� � which is
dominantly � Ã with ��f and � � mixturesof � 	 and � 
 , as in eq. (12), and(b) ��f decays
into >� � which is dominantly >��
 and � f and � � aremixturesof ��	 and �?Ã . In bothcasesthe
decayinteractionhasto beof theformØ § Ù ¥ �aÚ?f � �8Û� E ��f3E ËÜJ#L�N P?N � (15)
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Neutrinoanomalieswithoutoscillations

Figure 1. Comparisonof decaymodel(solidhistograms)and Ý¡Þ�ß¯Ý2à oscillationmodel
(dashedhistograms)with super-K data.

where Ë is a Majoron field that is dominantlyiso-singlet(this avoids any conflict with
the invisible width of the ¢ ). Viablemodelsfor both theabove casescanbeconstructed
[28,29]. However, case(b) needsadditionaliso-triplet light scalarswhich causepotential
problemswith big bangnucleosynthesis(BBN), andthereis somepreliminaryevidence
from super-K against� 	 –� Ã mixing [30]. Henceweonly considercase(a),i.e. ��f�� >� � JVËwith � � ¸ � Ã , asimplicit in eq. (12). With this interaction,the ��f rest-lifetimeis givenby� f � " µ %Ú f�á ��fw � f �F" J�â � f � (16)

where w � f �c� ff ,�� f� and â �c� � e��ãfÜ���{Ì â Ì�"2� . From the valueof
] � � �� f e�� f � µ � km/GeVfoundin thefit andfor â �ä� , wehaveÚ f w � f ×�� N " µ �¡Á f N (17)

Combiningthis with theboundon Ú f from åÊ�K� decaysof Ú f Ì < N 7 Â "2�C� � [27] we
have
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Figure 2. Survival probabiliity for Ý¡Þ versusæ·ç¡è8é�ê�ë ì�í¡î�ï for thedecaymodel(heavy
solidcurve) and Ý¡Þ oscillationmodel(thin curve).

w � f � µ ° �ð�IÁ f N (18)

Evenwith a generousinterpretationof theuncertaintiesin thefit, this w � f impliesa min-
imum massdifferencein the rangeof about25 eV. Then � f and � � arenearlydegenerate

with massesñ�Éò (25 eV) and � � is relatively light. We assumethata similar couplingof� � to � � and Ë is somewhatweaker leadingto asignificantlylongerlifetime for � � , andthe
instability of � � is irrelevantfor theanalysisof theatmosphericneutrinodata.

For the atmosphericneutrinosin super-K, two kinds of testshave beenproposedto
distinguishbetween��	 –��
 oscillationsand ��	 –��Ã oscillations. Oneis basedon the fact
that mattereffects are presentfor ��	 –��Ã oscillations[31] but are nearly absentfor ��	 –��
 oscillations[32] leadingto differencesin the zenithangledistributionsdueto matter
effectson upgoingneutrinos[33]. Theotheris thefactthattheneutralcurrentratewill be
affectedin ��	 –��Ã oscillationsbut not for ��	 –��
 oscillationsascanbemeasuredin events
with single % � ’s [34]. In thesetestsourdecayscenariowill behaveasahybrid in thatthere
is no mattereffectbut thereis someeffect in neutralcurrentrates.

Long-baselineexperiments

The survival probability of ��	 asa function of y e m is given in eq. (1). The conversion
probabilityinto ��
 is givenbyp ��� 	 ��� 
 �0��sku�v f o P�� s f oU�F"ð,t� � ~ HUÍ f ¾ � f N (19)

This resultdiffers from "¯, p ��� 	 �ó� 	 � andhenceis differentfrom � 	 –� 
 oscillations.
Furthermore,

p ��� 	 �d� 	 � J p ��� 	 ��� 
 � is not 1 but is givenby
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Neutrinoanomalieswithoutoscillationsp ��� 	 ��� 	 � J p ��� 	 ��� 
 �0��"r, P�� s f o`��"ð,t� � ~ HUÍ ¾ � (20)

anddeterminestheamountby which thepredictedneutral-currentratesareaffectedcom-
paredto theno oscillations(or the � 	 –� 
 oscillations)case.In figure3 we give theresults
for
p ����	^�ô��	8� , p ����	^�º��

� and

p ����	^�º��	8� J p ����	^�Ê��
?� for thedecaymodeland
comparethemto the ��	 –��
 oscillations,for both the K2K [35] andMINOS [36] (or the
correspondingEuropeanproject[37]) long-baselineexperiments,with theoscillationand
decayparametersasdeterminedin thefits above.

The K2K experiment,alreadyunderway, hasa low energy beam m ¹ ¸ " –< GeV and
a baseliney � < ° � km. The MINOS experimentwill have 3 differentbeams,with av-
erageenergies m ¹ �c�8� 6 and12 GeV anda baseliney � ² � < km. The approximatey e m ¹ rangesarethus125–250km/GeVfor K2K and50–250km/GeVfor MINOS. The
comparisonsin figure 3 show that the energy dependenceof � 	 survival probability and
theneutralcurrentratecanbothdistinguishbetweenthedecayandtheoscillationmodels.
MINOS andtheEuropeanprojectmayalsohave � detectioncapabilitiesthatwould allow
additionaltests.

Big bangnucleosynthesis

The decayof ��f is sufficiently fastthatall the neutrinos( � � �3� 	 ��� 
 ��� Ã ) andthe Majoron
maybeexpectedto equilibratein theearlyuniversebeforetheprimordialneutrinosdecou-
ple. Whenthey achieve thermalequilibriumeachMajorananeutrinocontributes _ ¹Ü�Ò"

(ν →ν )µ τP

(ν →ν )µP µ

MINOS  Oscillation

K2K  OscillationK2K  Decay

MINOS  Decay

NC Decay / No Osc

( )

Figure 3. Long-baselineexpectationsfor theK2K andMINOS long-baselineexperi-
mentsfrom thedecaymodelandthe Ý2Þ.ß�Ý2à oscillationmodel.Theupperpanelgives
theneutralcurrentpredictionscomparedto nooscillations(or Ý¡Þ�ß�Ý2à oscillations).
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andthe Majoron contributes _ ¹ � 7 e ² [38], giving andeffective numberof light neu-
trinos _ ¹ � 7 �´ at the time of big bangnucleosynthesis.From the observedprimordial
abundancesof � He and õ Li, upperlimits on _ ¹ areinferred,but thesedependon which
dataareused[39–41]. Conservatively, the upperlimit to _ ¹ could extendup to 5.3 (or
evento 6 if ´ Li is depletedin halostars[39]).

Cosmicneutrinofluxes

Sincewe expectboth ��f and � � to decay, neutrinobeamsfrom distantsources(suchas
Supernovae,activegalacticnucleiandgamma-raybursters)shouldcontainonly � � and >� �
but no � 	 , >� 	 , � 
 and >� 
 . This is a very strongpredictionof our decayscenario.We can
comparetheverydifferentexpectationsfor neutrinoflavor mixesfrom verydistantsources
suchasAGN’s or GRB’s. Let ussupposethat at the sourcethe flux ratiosaretypical of
a beamdump,a reasonableassumption:_ ¹�ö|÷ _ ¹Fø�÷ _ ¹Fù��£"t÷ < ÷0� . Then, for the
conventionaloscillationscenario,whenall the w � f ’ssatisfy w � f y e 7
m �\�ä" , it turnsout
curiouslyenoughthat for a wide varietyof choicesof neutrinomixing matrices,thefinal
flavor mix is the same,namely, _ ¹köz÷ _ ¹FøM÷ _ ¹kù��ú"ã÷0"È÷0" . In the caseof the decay
B scenario,asmentionedhere,we have _ ¹�öi÷ _ ¹Fø�÷ _ ¹kù^�Ò"V÷W�ã÷`� . Thetwo arequite
distinct.Techniquesfor determiningtheseflavor mixesin futureKM3 neutrinotelescopes
havebeenproposed[42].

Reactorandaccelerator limits

The ��� is essentiallydecoupledfrom thedecaystate� f so thenull observationsfrom the
CHOOZ reactorare satisfied[43]. The mixings of ��	 and ��
 with ��Ã and ��� are very
small, so thereis no conflict with stringentacceleratorlimits on flavor oscillationswith
large w � f [44].

In summary, neutrinodecayremainsa viable alternative to neutrinooscillationsasan
explanationof the atmosphericneutrinoanomaly. The modelconsistsof two nearlyde-

generatemasseigenstates� f , � � with massseparationñ�Òò^� < ° eV) from anothernearly
degeneratepair � � , � � . The ��	 and ��
 flavorsareapproximatelycomposedof � f and � � ,
with a mixing angle o f � × °
²?û . The state � f is unstable,decayingto >� � anda Majoron
with alifetime �If ¬ "¡� � � f sec.Theelectronneutrino� � andasterileneutrino� Ã haveneg-
ligible mixing with � 	 �3� 
 andareapproximatemasseigenstates( � � ¸ � � ��� Ã ¸ � � � , with
a smallmixing angle o � � anda w � f� � ¸ "2�C�büb�IÁ f to explain thesolarneutrinoanomaly.
Thestates� � and � � arealsounstable,but with � � lifetime somewhat longerand � � life-
time muchlongerthanthe ��f lifetime. This decayscenariois difficult to distinguishfrom
oscillationsbecauseof the smearingin both y and m ¹ in atmosphericneutrinoevents.
However, long-baselineexperiments,wherey is fixed,shouldbeableto establishwhether
the dependenceof y e m ¹ is exponentialor sinusoidal. In our scenarioonly � � is stable.
Thus,neutrinosof supernovaeor of extragalacticorigin would bealmostentirely ��� . The
contributionof theelectronneutrinosandtheMajoronsto thecosmologicalenergy densityý

is negligible andnot relevantfor largescalestructureformation.
Anotherproposalfor explaining theatmosphericneutrinosis basedon decoherenceof

the � S	 s in the flux [45]. The idea is that � S	 s are interactingandgetting taggedbefore
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their arrival at the detector. The causeis unknown but couldbe a numberof speculative
possibilitiessuchasa large neutrinobackground,new flavor sensitive interactionsin an
extradimension,violationof quantummechanicsetc.The ��	 survival probabilitygoesas:p � "<¿þ " J�P�� s < o.���C���F, Y e��U�Aÿ N (21)

The super-Kamiokandedatacan be fit by choosing� ¬ "¡�C� f s and sku�v < o ¬ � N 7 . A
detailedfit to all thedataover thewholeenergy rangehasnot beenattemptedyet.

7. Conclusion

As I mentionedat the beginning, the main motivation for this exerciseis to try to estab-
lish neutrinooscillations(dueto mass-mixing)astheuniqueexplanationof theobserved
anomalies.Even if neutrinoshave massesanddo mix, the observed neutrinoanomalies
maynot bedueto oscillationsbut dueto otherexotic new physics.Thesepossibilitiesare
testableandshouldberuledoutby experiments.I havetriedto show thatwearebeginning
to carrythisprogramout.
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