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Abstract

The neutrinooscillationhypothesisdoesa poor job of representingthe atmosphericneutrinoanomaly. The
anomalyis observed over 4 decadesin path lengthandat leasta factorof 30 in energy. This restrictsthe
potentialoscillationsolutionsto thosewith largeamplitudesandmixing massdifferencesthatareruledoutby
otherobservations.The

�����
region in therange���
	�������
	 � leadsto inconsistencieswithin theatmospheric

neutrinodataitself. Theobservedvalueof � seemsto beincompatiblewith the
��� �

impliedby recentresults
Prior experimentsthatweresensitive to thesuggestedrangeof

�����
fail to provide supportfor theSuper

Kamiokaconclusions.

The atmosphericneutrinoanomaly(Haines1986,Hirata 1988,Becker-Szendy1992)is the discrepancy
betweentheobservedandexpectedrateof electronandmuonneutrinointeractionsin undergrounddetectors.
In generalit is believedthattheseneutrinosoriginatein theEarth’satmosphereasaconsequenceof thedecay
of shortlivedparticlescreatedby cosmicray interactions.

Theatmosphericneutrinoanomalyis characterizedby alow fractionof muonneutrinointeractionsrelative
to theobservedrateof electronneutrinointeractions(Fukuda1998).Only 61%of theexpectedrateis found.
The deficiency is energy independentin the range200 MeV to 4000 MeV. The deficiency appearsto be
isotropicup to at least1200MeV. In particularneutrinosenteringthedetectorfrom above evidencethesame
muonneutrinodeficiency asin otherdirections.

TheKamiokaexperimentspresenttheir resultson theatmosphericneutrinoanomalyin termsof � . � is
interpretedasthefractionof muonneutrinoeventsobservedcomparedto whatis expected.� is definedas

��� ����������� �"!#��������$��%�&
Undergrounddetectorssamplethe neutrinoflux from all directions. Sincethe neutrinosare produced

by particledecaysin the atmosphere,differentdirectionscorrespondto differentneutrinoflight distances.
Neutrinoscomingfrom below thedetectorareprimarily from adistanceof theorderof 8,000km. Thosefrom
abovehaveaflight pathontheorderof 20km. Sinceadecaycanoccuranywherein theatmospherethedecay
distanceis uncertainby about10km. Thetransitionfrom theshortflight distanceto thelongflight distanceis
ratherrapid(figure1).

Most of thesolid angleis composedof sourcesat the two distances.40%of thesolid anglecorresponds
to aflight lengthunder45km. 40%of thesolidanglecor-
respondsto a flight lengthin excessof 2600km. Theneu-
trino spectrumpeaksat200MeV but thecontainedsample
extendsout to about1300MeV.
Figure1 shows the approximateneutrinoflight pathasa
function of the zenithangle. The path lengthasa func-
tion of zenith angle can be represented(approximately)
by ' �)(+*-,��).$/0�1� �32 � � � �)(+*-, � �).�/0� 4� �65 � �� 7� � (+*-,��).�/0�
With � � representingthe distancefrom the centerof the
earthto theupperatmospherewheretheneutrinosareborn
and � � representingthe distancefrom the centerof the
earthto thedetector( � �98 � � ). 0
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Figure 1: Approximateneutrinoflight pathasa
function of the cosineof the zenithangle. Dis-
tancesarein kilometers.



Themostpopularexplanationfor thesourceof theanomalyis theoscillationof muonneutrinos.Recently
the Super-Kamiokacollaborationhasprovided strongevidencefor neutrinooscillationsasa sourceof the
atmosphericneutrinoanomaly(Fukuda... osc1998). But theseresultsseemto be inconsistentwith other
recentSuper-Kamiokaobservationsof atmosphericneutrinos(Fukuda... mult 1998)andmuchof the prior
work on theanomaly(Haines1986,Hirata1988,Becker-Szendy1992).

Oscillationsmustbecapableof mixing theneutrinoflux over theenergy anddistancescalesobserved.The
oscillationlengthis givenby: ';:<� =�>��? =-@ ��� �BA :or ��� � � =�>��? =-@ A :

� 'C:
Sotheneutrinoenergy andoscillationdistancesetthescalefor theneutrinomass.At A : �ED��F� MeV and'C:��G� = � km (4 times30 km sincetheamplitudeis proportionalto

,IHKJ � � ��? =-@ ��� �MLN � ) givesa massscaleof= ?PORQ����
	 � eV
�
. At lowermassscalesthedownwardflux will nothavehadachanceto fully oscillate.Isotropy

wouldno longerbeapparent.
For massscalesbelow theseit alsobecomesvery difficult to obtaintheobserveddeficiency in theglobal

samplesincetheupperhemispherewouldnothaveoscillatedin theshortdistanceavailableandthemaximum
attenuationfrom the long path lengthlower hemispherewould be 50% (if no otheroscillationlengthwere
comparable).Sothemaximumattenuationof theglobalmuonneutrinosignalundertheseconditionswould
beon theorderof 75%.

To explain the isotropicreductionof thecontainedeventsamplein themomentumrangelessthanabout
1 GeV/c

�
requiresa

��� �
in the rangeof ��� 	 � S��� 	 �

eV
�
. But thereductionappearsto beconstantout to about

4 GeV(Fukuda... mult 1998)which implies a massnear
theupperpart of this range.IMB haspresentedevidence
that the isotropy extendsout to at leasta meanenergy of
4 GeV (Clark 1997).Super-Kamiokandeindicatesa value
of � is about0.6 at 4 GeV(Fukuda... mult 1998). These
observationspushtheminimummassscalepossibleup to��? @ Q����
	 � eV

�
. While wehave basedtheseargumentson

“isotropy” themassscaleis actuallysetby theshortestdis-
tancein theproblem.That is thepresenceof an �UTV� in
thedownwardgoingbin is indicative of shortpathlength
oscillationsthatrequirethehighmassscale.
Theseargumentsabout isotropy and maximal flux re-
duction are well known and have motivatedthe energy-
distancescaleof anumberof longbaselineacceleratorand
reactorneutrinoexperimentsdesignedto studytheoscilla-
tion hypothesis.Suchregionshave beenprobed,andlim-
ited by studyingenergetic upward goingmuonsin under-
grounddetectors(Becker-Szendy... up 1992). Upward
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Figure 2: Maximum attenuationof the neutrino
flux as a function of energy and cosineof the
zenith angle. A massscale

����� �WDXQY���
	"Z
eV
�

wasusedfor thisplot.
going muonscomefrom the interactionsof energetic muon neutrinosin the rock underneaththe detector.
They, in general,comefrom amuchhigherregionof theneutrinoenergy spectrum.

Figure2 shows a contourplot of thefunction
,IH[J � � ��? =-@ ��� � L�\^]`_1ab\^cbdfeN �

for a rangeof neutrinoenergiesfrom
200MeV to 6200MeV. Theplot is madefor themass

scale
����� �YD9Qg���
	"Z eV

�
suggestedby recentSuper-Kamiokaresults.Thelowestcontourpresentin the

figurerepresentsa20%reductionin flux. Almostnoreductionis seenfor neutrinosoriginatingin theupward



hemisphere.Plotsfor
�����

down to OhQi���
	�� eV
�

look similar.
Integralsover portionsof Figure2 give themaximumdecreasein muonneutrinoflux attributableto oscil-

lationsfor that interval. (Maximumsincetheseplotshave beenmadefor themaximummixing angle.)This,
of course,mustbeweightedby the neutrinointeractionrate,which is a functionof energy if the integral is
madeovermuchof a rangeof energies.Theglobalattenuationfactorat anenergy A is givenby:

�
= Qkj

�
	 � ,IHKJB�F� ��? =-@ ��� �

2 � � � �)(+*-, � �).$/0� 4� �l5 � �� m� � (+*-,$�).�/0�A �bn;(+*-,$�).$/o�
Figure3 is aplot of numericalevaluationsof theseintegrals,asa functionof energy.

Figure 3 is the � valuesthat would be found if the anomalycould be explainedby a simple neutrino
oscillationhypothesisthat would remove muonneutrinosby turning theminto inactive objects,suchastau
neutrinos.Wenotethatit seemsto behardto getavalueof ��pqT4�r? @ O thisway.

To beisotropictheintegralsoversubrangesin solidangleshouldalsogive thesamevalue.For example:

j �s t ,IHKJB�F� ��? =-@ ��� � 'A �bnC(+*-,��).�/0� �Ej 	 s t	 � ,IHKJB�-� ��? =-@ ��� � 'A �bnC(+*-,$�).�/0�
It shouldbe clearfrom figure 2 that theseintegralswill differ. For all massscalespermittedby the re-

cent resultstheseintegralsdiffer by about
�� ,IHKJ � � = . %qu^v �

sincethe upperregion is not mixed andthe lower region
hasbeen,in general,mixed over several cycles. In cases
wherethe oscillation length is comparableto the Earth’s
diameterevenlargerasymmetrieswouldbeseen.Thetwo
integralsareequalin boththelow andhigh

�����
limit. At

very small
�����

bothintegralsarezero.At very high val-
uesof

�����
bothsidesaverageover many cyclesandare

hence
�� . If they arenot equalandyet the shortdistance

region indicatesa deficiency of w$x ’s this would imply two
distancescalesandhencetwo massscalesin theproblem.
Thepuzzlingfeaturethattheattenuationattributableto os-
cillationsfor thesevaluesof

�����
is smallerthanthatob-

served could be dueto a numberof factors. If the
��� �

is large and mixing is maximal as much as 50% of the
muonsamplecouldberemoved. If muonneutrinososcil-
late into electronneutrinos,eithervia a directpathor via
otherneutrinosthis would raisetheobservedelectronrate
aboveexpectationsandthereforelowerthevalueof � . But
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Figure 3: Maximum global attenuationof the
neutrinoflux asafunctionof energy. A massscale����� �YD�Qi���
	"Z eV

�
wasusedfor thisplot.

theSuper-Kamiokadata(Fukuda... osc1998)shows noevidencefor electronmodulation.TheChoozreactor
experiment(Apollonio 1997)hasfairly stronglimits onelectronantineutrinooscillationsatcomparable

��� �
.

Onemight evadethe Choozlimit with CP violation sinceChoozlimits yw�z|{ not yw�z andonemight fix the
atmospheric� with w$x7{ w z . But CP violation effectsareunlikely to work in a 3 neutrinoschemesince
the w x {}w�z transitionmusthave a shortwavelengthandtheotheramplitudesneededto interferewith it to
getCPviolation have at leastonelong wavelengthpart. It might bepossiblein a 4 neutrinoschemewith 14
parameters.But the yw x � w x ratioobservedseemsto benormal.

A puzzlingfeatureof mostatmosphericneutrinoexperimentshasbeenthattherateof neutrinointeractions
agreesfairly well with expectationseven thoughthe numberof muonneutrinoinducedeventsis low. The
observedeventrate(Fukuda1998)is 96~ 2%of theexpectedvalue(94~ 3%of theexpectedratefor themulti



GeV sample(Fukuda... mult 1998)). Sincethemuonneutrinorateappearsto bereducedby about39%and
the muonneutrinorateis expectedto be abouttwice that of the electronneutrinorateonemight expectan
observedflux of only about75%of thatpredicted.Thetrueneutrinoflux would have to be25%higherthan
predicted.

Thismight imply thattheelectronneutrinorateis toohighandcompensatesfor theloss.It is alsopossible
thattherearesourcesotherthantheatmospherefor “neutrinos”observedin thesedetectors.(LoSecco1997)

The Super-Kamiokaresult(Fukuda... osc1998)cameasa bit of a surpriseto the communitysincethe
massscalein questionhadbeenprobedandruledout by prior experiments.For exampletheSuper-Kamioka
90%confidencelevel contourof neutrinooscillationparametersis barelyconsistentwith thatfrom Kamioka.
IMB (Clark 1997)failedto confirmthemodulationobservedin theKamiokaMulti GeVdata(Fukuda1994).
IMB publishedanexclusionplot (Becker-Szendy... up 1992)rulling out all largemixing anglefits to muon
neutrinooscillationsfor

��� �
greaterthanabout2 Q 10	"� eV

�
. Aside from concludingthat someof these

observationswerewrongis therea physicalpicturewhich is compatiblewith mostof them?Themassof the
neutrinois aconstantof naturethatcannotbedifferentatdifferenttimesor places.SincetheEarthsmagnetic
field is notasimpledipolealignedalongtheEarth’saxisonedoesnotexpectthecosmicrayflux to beuniform
(Honda1995). The mostdifficult observation to interpretis the isotropy of the electronsamplein (Fukuda
... osc1998)in thepresenceof a largemuonanisotropy. While geomagneticeffectsandthesolarcycle can
beexpectedto modulatetheatmosphericspectrumandto give it temporalvariation.Thesechangeswouldbe
manifestin all neutrinosof atmosphericorigin.

It maybedifficult to rule out any neutrinooscillationhypothesisfrom theatmosphericresultsalone.The
prior, unmodulated,resultsareinsensitive to large

�����
scales.It wastheserelatively large

�����
that pro-

vided the motivation for long baselinereactorandacceleratorneutrinoexperiments.The magnitudeof the
atmosphericeffect meansthatat leastsomeof themixingsto themuonneutrinowould be largeandobserv-
ablein theseexperiments.
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