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Abstract

The neutrinooscillationhypothesigdoesa poorjob of representinghe atmospherimeutrinoanomaly The
anomalyis obsered over 4 decadesn pathlengthandat leasta factorof 30 in enegy. This restrictsthe
potentialoscillationsolutionsto thosewith large amplitudesandmixing masdifferenceghatareruledout by
otherobsenrations.The Am? regionin therangel0—* — 10~2 leadsto inconsistenciewithin theatmospheric
neutrinodataitself. Theobseredvalueof R seemgo beincompatiblewith the Am? implied by recentresults

Prior experimentghatweresensitve to the suggestedangeof Am? fail to provide supportfor the Super
Kamiokaconclusions.

The atmospherimeutrinoanomaly(Haines1986, Hirata 1988, Becler-Szendy1992)is the discrepang
betweerthe obsered andexpectedrateof electronandmuonneutrinointeractionsn undegrounddetectors.
In generalt is believedthattheseneutrinosoriginatein the Earths atmospherasa consequencef thedecay
of shortlived particlescreatedoy cosmicray interactions.

Theatmospherineutrinoanomalyis characterizetdy alow fractionof muonneutrincinteractiongelative
to the obseredrateof electronneutrinointeractiongFukudal998). Only 61% of the expectedrateis found.
The deficieng is enegy independentn the range200 MeV to 4000 MeV. The deficieny appearsto be
isotropicup to atleast1200MeV. In particularneutrinosenteringthe detectorfrom above evidencethe same
muonneutrinodeficieng asin otherdirections.

The Kamiokaexperimentgpresentheir resultson the atmosphericeutrinoanomalyin termsof R. R is
interpretechsthefractionof muonneutrinoeventsobsered comparedo whatis expected.R is definedas
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Undeground detectorssamplethe neutrinoflux from all directions. Sincethe neutrinosare produced
by particle decaysin the atmospheredifferentdirectionscorrespondo different neutrinoflight distances.
Neutrinoscomingfrom below thedetectorareprimarily from a distanceof the orderof 8,000km. Thosefrom
above have aflight pathontheorderof 20 km. Sincea decaycanoccurarywherein theatmospheréhedecay
distances uncertairby about10km. Thetransitionfrom the shortflight distanceo thelong flight distancds
ratherrapid (figure 1).

Most of the solid angleis composedf sourcesat the two distances40% of the solid anglecorresponds
to aflight lengthunder45km. 40%o0f thesolidanglecor | T
respondgo aflight lengthin excessof 2600km. Theneu- s}
trino spectrunpeaksat200MeV but thecontainedsample
extendsoutto about1300MeV.

Figure 1 shavs the approximateneutrinoflight pathasa
function of the zenithangle. The pathlengthasa func-
tion of zenith angle can be representedapproximately)

by L(cos(0,)) = \/R%(COSQ(HZ) —1) + R%Z — Ry cos(6,) ° wxof
With R, representinghe distancefrom the centerof the
earthto theupperatmosphergheretheneutrinosareborn
and R; representinghe distancefrom the centerof the I o5 0s o4 o 02 04 o0s o8 1

earthto thedetecto . . cosine of the Zenih Angle
Ry > Ra) Figure 1. Approximateneutrinoflight pathasa

function of the cosineof the zenithangle. Dis-
tancesarein kilometers.
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Themostpopularexplanationfor the sourceof theanomalyis the oscillationof muonneutrinos Recently
the SuperKamioka collaborationhas provided strongevidencefor neutrinooscillationsas a sourceof the
atmospherimeutrinoanomaly(Fukuda.. osc 1998). But theseresultsseemto be inconsistentwith other
recentSuperKamiokaobserationsof atmospherimeutrinos(Fukuda.. mult 1998)and muchof the prior
work ontheanomaly(Haines1986,Hirata1988,Becker-Szendyl992).

Oscillationsmustbe capableof mixing the neutrinoflux overthe enegy anddistancescalesobsered. The
oscillationlengthis givenby:
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Sotheneutrinoenegy andoscillationdistancesetthe scalefor theneutrinomass. At E, = 600 MeV and
L, = 120 km (4 times30 km sincethe amplitudeis proportionatto sin?(1.27Am? %)) givesa massscaleof
2.5 x 1072 eV2. At lower massscaleghedownwardflux will nothave hadachanceo fully oscillate.lsotropy
would nolongerbeapparent.

For massscalesbelov theseit alsobecomewery difficult to obtainthe obsered deficieng in the global
samplesincethe upperhemispheravould not have oscillatedin the shortdistanceavailableandthemaximum
attenuatiorfrom the long pathlengthlower hemispheravould be 50% (if no otheroscillationlengthwere
comparable) Sothe maximumattenuatiorof the global muonneutrinosignalundertheseconditionswould
beontheorderof 75%.

To explain theisotropicreductionof the containedevent samplein the momentunrangelessthanabout
1 GeV/e requiresa Am? in the rangeof 10~ — 1072 '
eV2. Butthereductionappearso be constanbutto about 0 —
4 GeV(Fukuda... mult 1998)which implies a massnear 20—
the upperpart of this range.IMB haspresentedvidence 105
thatthe isotrofy extendsout to at leasta meanenegy of
4 GeV (Clark 1997). SuperKamiokandeindicatesa value
of R is about0.6 at 4 GeV(Fukuda.. mult 1998). These

1.7 x 10~! eV2. While we have basedheseargumentson
“isotropy” themassscaleis actuallysetby theshortestis-
tancein the problem. Thatis thepresencef an R < 1 in
the downward going bin is indicative of shortpathlength
oscillationsthatrequirethe high massscale.

These agumentsabout isotrory and maximal flux re- jEZ=
duction are well known and have motivatedthe enegy-
distancescaleof anumberof long baselineacceleratoand Neutrino Energy (GeV)
reactomeutrinoexperimentdesignedo studytheoscilla- Figure 2: Maximum attenuatiorof the neutrino
tion hypothesis.Suchregionshave beenprobed,andlim- flux as a function of enegy and cosineof the
ited by studyingenegetic upward goingmuonsin under zenithangle. A massscaleAm? = 6 x 1073
grounddetectors(Becker-Szendy... up 1992). Upward eV? wasusedfor this plot.

going muonscomefrom the interactionsof enegetic muon neutrinosin the rock underneathhe detector
They, in generalcomefrom a muchhigherregion of the neutrinoenegy spectrum.

Figure 2 shavs a contourplot of the functionsin?(1.27 Am? %) for arangeof neutrinoenegiesfrom

200MeV to 6200MeV. Theplotis madefor themass
scaleAm? = 6 x 1072 eV? suggestethy recentSuperkKamiokaresults. Thelowestcontourpresentn the
figurerepresenta 20%reductionin flux. Almostnoreductionis seenfor neutrinosoriginatingin the upward
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hemispherePlotsfor Am? downto 5 x 10~* eV? look similar.

Integralsover portionsof Figure2 give the maximumdecreasé muonneutrinoflux attributableto oscil-
lationsfor thatintenal. (Maximumsincetheseplots have beenmadefor the maximummixing angle.) This,
of course mustbe weightedby the neutrinointeractionrate,which is a function of enegy if the integral is
madeover muchof arangeof enegies. Theglobalattenuatiorfactoratanenegy E is givenby:

g X . sin®(1.27Am? z
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/ )d cos(6,)
Figure3 is a plot of numericalevaluationsof theseintegrals,asafunctionof enegy.
Figure 3 is the R valuesthat would be found if the anomalycould be explainedby a simple neutrino
oscillation hypothesighat would remase muon neutrinosby turning theminto inactive objects,suchastau
neutrinos.We notethatit seemdo behardto getavalueof R ~< 0.75 thisway.

To beisotropictheintegralsover subrange solid angleshouldalsogive the samevalue. For example:

1 L —6 L
/ sin2(1.27AmQE)dcos(9z) = / sin2(1.27AmZE)dcos(02)
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It shouldbe clearfrom figure 2 that theselntegralswnl differ. For all massscalespermlttedby there-
centresultstheseintegrals differ by abouts sin?(20p7,) ™ | |
sincethe upperregion is not mixed andthe lower region
hasbeen,in generalmixed over several cycles. In cases
wherethe oscillationlengthis comparabldo the Earth’s
diameterevenlargerasymmetriesvould beseen.Thetwo
integralsareequalin boththelow andhigh Am? limit. At
very small Am? bothintegralsarezero. At very high val-
uesof Am? both sidesaverageover mary cyclesandare
hence%. If they arenot equalandyet the shortdistance
regionindicatesa deficieny of v,’s this would imply two
distancescalesandhencetwo massscalesn the problem.
Thepuzzlingfeaturethatthe attenuatiorattributableto os-  *°f
cillationsfor thesevaluesof Am? is smallerthanthatob-
sened could be dueto a numberof factors. If the Am?
is large and mixing is maximal as muchas50% of the s ww a0 aw om0 @m0
muonsamplecould be removed. If muonneutrinososcil- Neutrino Energy (MeV)
late into electronneutrinos eithervia a directpathor via Figure 3: Maximum global attenuationof the
otherneutrinosthis would raisethe obsered electronrate Neutrinoflux asafunctionof enegy. A massscale
above expectationsndtherefordowerthevalueof R. But Am” = 6 x 10~ * eV wasusedfor this plot.
the SuperKamiokadata(Fukuda.. 0sc1998)shavs no evidencefor electronmodulation.The Choozreactor
experiment(Apollonio 1997)hasfairly stronglimits on electronantineutrincoscillationsat comparableAm?.
Onemight evadethe Choozlimit with CP violation sinceChoozlimits 7. — not 7, andonemight fix the
atmosphericR with v, — v.. But CP violation effectsare unlikely to work in a 3 neutrinoschemesince
thev, — v, transitionmusthave a shortwavelengthandthe otheramplitudesneededo interferewith it to
get CPviolation have at leastonelong wavelengthpart. It might be possiblein a 4 neutrinoschemewith 14
parametersBut thew, /v, ratio obsered seemgo benormal.

A puzzlingfeatureof mostatmosphericeutrinoexperimentdasbeenthattherateof neutrinointeractions
agreedairly well with expectationsaven thoughthe numberof muonneutrinoinducedeventsis low. The
obseredeventrate(Fukudal998)is 96+2% of the expectedvalue(94+3% of the expectedratefor the multi
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GeV sample(Fukuda. mult 1998)). Sincethe muonneutrinorateappeardo be reducecby about39% and
the muonneutrinorateis expectedto be abouttwice that of the electronneutrinorate one might expectan
obseredflux of only about75% of thatpredicted.Thetrue neutrinoflux would have to be 25% higherthan
predicted.

This mightimply thattheelectronneutrinorateis too high andcompensatefor theloss. It is alsopossible
thattherearesourcetherthantheatmospheréor “neutrinos”obseredin thesedetectors(LoSeccal997)

The SuperKamiokaresult(Fukuda... osc1998)cameasa bit of a surpriseto the communitysincethe
massscalein questionhadbeenprobedandruledout by prior experiments For examplethe SuperKamioka
90% confidencdevel contourof neutrinooscillationparameterss barelyconsistentvith thatfrom Kamioka.
IMB (Clark 1997)failedto confirmthe modulationobseredin the KamiokaMulti GeV data(Fukudal994).
IMB publishedan exclusionplot (Becler-Szendy... up 1992)rulling outall large mixing anglefits to muon
neutrinooscillationsfor Am? greaterthanabout2x10-® eV2. Aside from concludingthat someof these
obserationswerewrongis therea physicalpicturewhich is compatiblewith mostof them?The massof the
neutrinois a constanbf naturethatcannotbe differentat differenttimesor places.Sincethe Earthsmagnetic
field is nota simpledipolealignedalongthe Earths axisonedoesnot expectthecosmicray flux to beuniform
(Honda1995). The mostdifficult obseration to interpretis the isotropy of the electronsamplein (Fukuda
... 0sc1998)in the presencef a large muonanisotroy. While geomagnetieffectsandthe solarcycle can
be expectedto modulatethe atmospherispectrumandto give it temporalvariation. Thesechangesvould be
manifestin all neutrinosof atmospheriorigin.

It may bedifficult to rule out any neutrinooscillationhypothesidrom the atmospheriecesultsalone. The
prior, unmodulatedresultsareinsensitve to large Am? scales.It wastheserelatively large Am? that pro-
vided the motivation for long baselinereactorand acceleratoneutrinoexperiments. The magnitudeof the
atmospherieffect meanghat at leastsomeof the mixingsto the muonneutrinowould be large andobserv-
ablein theseexperiments.

References

M. Apollonio et al., Phys.Lett. B420,397(1998)

R. BeclerSzendyup et al., Phys.Rev. Lett. 69,1010(1992).
R. BeclerSzendyet al., Phys.Rev. D46,3720(1992).D. Caspekt al., Phys.Rev. Lett. 66,2561(1991).
R.Clark, et al., Phys.Rev. Lett. 79,345-348(1997).

Y. Fukudaet al., Phys.Lett. B335,237(1994).

Y. Fukudaoscet al., Phys.Rev. Lett. 81,1562(1998).

Y. Fukudamult et al., Phys.Lett. B436,3 (1998).

Y. Fukudaet al., Phys.Lett. B433,9 (1998).

T.J.Haineset al., Phys.Rev. Lett. 57,1986(1986).
K.S.Hirataet al., Phys.Lett. B205,416(1988).

M. Hondaet al., Phys.Rev. D53,4985(1995).
J.LoSeccoPhys.Rev. D 56,4416(1997).



