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Transmission of neutrinosthrough matter
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Abstract. Neutrinostravel throughmatterwith negligible absorptionexceptin very extremesitu-
ations.However, theindex of refractionof neutrinoscanplay animportantrole in the oscillationof
onetype of neutrinoto anothemwhenpassinghroughmatter
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After Fermiproposechis theoryof nuclearbetadecay BetheandPeierls,in 1934, calcu-
latedthe cross-sectionfor the neutrinoprocesses

Vet+tn —>p+e ,
Ve+p—n+tet. (1)

For beta-decayeutrinos the cross-sectionsvere of the order10~*% cm?. If a beamof
1019 neutrinoswasaimedat the earth,all but onewould emege on the otherside. As far
asneutrinoswereconcernedit seemedhe matterdid not matter

It was proposedn the 1930’ that the origin of solarenegy wasin nuclearreactions
occurringnearthe centerof the sun. Most of this enegy is slowly transportedo the sur
faceby radiative transfertaking the orderof 10* years. However, detailedcalculations
in the 1960's shaved that 3% of the enegy comesout in the form of neutrinos. These
emegedirectly without significantabsorptiorandarrive on earthafter seven minutes.In
apioneeringexperiment[1], startingin 1968andcontinuingto the presentday, Raymond
Davis detectedsolarneutrinosvia their captureon 7 Cl leadingto 7 A. Thus,it waspos-
siblewith neutrinosto look into the very centerof the sun. Subsequengxperimentausing
waterCerenlov detection(Kamiokandeand superKamiokande)and captureon gallium
(GALLEX andSAGE) have alsodetectedheseneutrinos. Thedetectedate,however, has
beenof order50% or lessof the calculatedrate[2]. We will returnto this solarneutrino
problemlater.

Theredo exist extremesituationsin which neutrinoabsorptionis important. A typell
supernearesultsfrom thecollapseof alargestar(of orderor greateithan10 solarmasses)
whenits nuclearfuel is exhaustedThe centralregion of the star with a massof aboutl.4
solarmass contractssuddenlyto a densityof order10'® g/cm? andtemperaturegreater
than20MeV. Neutrinosof all varietiesareproducedy reactionsatthesetemperaturesit
this high density the meanfree pathis only aboutl km, whereaghe sizeof the coreis of
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order30 km sothatthe neutrinosarescatterecdindcapturedandre-emittedasthey escape.
In this case,onemustcalculateneutrinoopacity[3] just asonecalculatesptical opacity
for radiatve transportin ordinary starslike the sun. Neverthelessijt is much easierfor
neutrinogto escapdrom the hot coreof the collapsedstarthanphotons sothat99%of the
enegy of thecollapses emittedin the form of neutrinos.The detectionof 19 out of about
1058 neutrinosfrom supernea 1987awasoneof the greateventsof modernscience.

The possibility of seeingvery high enegy neutrinosthat might be emittedby sources
like active galacticnuclei(AGN) is the goal of proposedxperimentdike NESTORn the
MediterranearSeaandICE CUBE at the SouthPole. Enegiesup to 10° GeV have been
predictedin somemodels. The neutrinocross-sectiomiseswith enegy, roughly linearly
above 1GeV. For enegiesgreaterthan10° GeV, neutrinosareabsorbedn goingthrough
theearthandby enegiesof 107 GeV only onein amillion would comethrough[4]. There
is oneinterestingexceptionfor the caseof tau-neutrinos/.. Whentheseareabsorbedthey
yield 7 leptons whichthendecaybackinto v, ; becausghe 7 lifetime is only 3 x 10713 s,
thesedecayawill occurafterashortdistancen spiteof thelargetime dilationfactor Thus,
by a sequencef absorptionsinddecaysanincidenty, of 107 GeV couldemegeonthe
othersideof theearth[5], althoughdegradedn enenpy.

In 1973, neutralcurrentinteractionsverediscovered aspredictedby thespontaneously-
broken gaugetheory of Weinbeg and Salam. For neutrinosscatteringfrom nuclei, the
importantreactionis:

Vg +1 — Uy + 1, (2)

wherethe cross-sectioris the samefor v, = v., v, or v,. Thereis alsoscatteringfrom
electronswhile the neutral-currenamplitudeis the samefor all v,,, in the caseof v, the
scattering

Vet+e—ve+e 3)

cantake placeaswell by the chagedcurrentsothetotal amplitudeis the sumof thetwo.
As aresult,thecross-sectioffor elasticv, — e scatterings 6—7timeslargerthanfor v, or
Vr.
After the experimentaldiscovery of neutralcurrents,it was of greatinterestto seeif
theseindeedagreedwith thetheoreticalpredictions.Onepredictionthatintriguedmewas
thattheneutralcurrentwasdiagonain flavor: theneutrinoemeginghadthesameflavor as
theneutrinocomingin. In thedetectiornof reaction(2), all onesav wastherecoil neutron;
observingthe outgoingneutrinowould requirea detectomuchlargerthantheearth.
However, | realizedin 1978thattherewasthepossibilityof detectinghecohereninter-
ferencebetweertheforwardscatteredheutrinoandtheincidentbeam|6]. Thisinterference
determinesheindex of refractionn in accordancevith the opticaltheorem

p(n —1) = 27N f(0)/p, (4)

wherep is the neutrinomomentumand N is the numberof scatterergerunit volume. In

thecaseof theoff-diagonalneutralcurrenttheindex of refractioneffectwould ‘rotate’ the

flavor just asanoptically active mediumrotatesthe planeof polarization.
Theimaginarypartof theindex of refractionis proportionalto thetotal cross-section

o = 4r Im £(0)/p 5)
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which we have emphasizeds negligible. However, the real partis muchlarger sinceit
is proportionalto the weakcoupling Gy, whereass is proportionalto Gz. Thusfor the
neutralcurrentwe have

p(n—1) = GpN, =2r7/L, (6)

whereN,, is theneutronnumberdensityand L is thedistanceover which the phasefactor
changesby 27. For earthmatter L is of the order of the radiusof the earth. (Note:
Fermi’s constantimesAvogadros numberdefinesalengthaboutthe sizeof the earth;the
fundamentateasorfor thishasnotyetbeendetermined.)rhus,if theneutralcurrentwere
to changev,, to v, masslesseutrinostraveling throughthe earthwould oscillatefrom
v, to v;. Recently it wasdiscoseredwith the superKamiokandedetectorthat v, with
enegiesof afew GeV producedy cosmicrayswerereducedn flux by afactorof 2 when
obsenedcomingupwardthroughthe earth.The only explanationwasthaton averagehalf
of they,, oscillatedinto - ontheirway throughthe earth.This couldindeedbe explained
by off-diagonalcurrentswith masslesseutrinosandsuchan explanationhasbeengiven
by Gonzalez—Garciet al [7]. Sincethestandardnodelhasbeenshovn to work extremely
well, this requiresneutralcurrentsoutsidethe standardnodel.

The simplerexplanationof the resultsis that neutrinoshave massandthattwo eigen-
statesare approximatelyequal mixturesof v, andv.. The standardmodel can easily
accommodataeutrinomasseandgrandunified theoriesike SO(10)suggessmallnon-
zeroneutrinomassesln the caseof v,—v, oscillationsdueto neutrinomassandassuming
the neutralcurrentis diagonalin flavor the matterdoesnot matterandthe resultsarejust
the sameasif the earthwere a vacuum. For thesevacuumoscillations,the oscillation
lengthincreasesvith enegy unlike eq. (6) whereit is enegy independentThe superkK
datashavs suchanenegy dependencdyut the authorsof ref. [7] claim thattheresultsare
notyetaccurateenoughto distinguishthetwo possibilities[8].

Oscillationsdueto neutrinomassandmixing areaffectedby the materialmediumwhen
they involve v,. This wasdiscussedn the secondpart of the 1978 paper[6]. Neutrino
oscillationsoccurin vacuumbecausehe relative phaseof two componentgmasseigen-
statesy; andv, changewith time. Sincethis is a matterof phasesthe phaseassociated
with the index of refractioncould be important. For the neutralcurrentof the standard
model,the amplitude f (0) is the samefor all neutrinosso it doesnot matter However,
asnoted,thev, hasanelasticamplitudedueto the chagedcurrent(W-exchangethatthe
otherneutrinosdo nothave. Thus,thev, partof thewave functionhasa phasechangedue
to

p(ne —1) = —/2Gr N, = 27/, @)

whereN, is the electronnumberdensity Here,l, againis a characteristidengthof order
the earthradiusfor earthmatter Thus, when one considersvacuumoscillation lengths
comparabldo the earthradius,the oscillationlengthand mixing canbe very differentin
vacuumthanin matter

An interestingcasewould be the searchfor v, — v, and7, — 7. oscillationsthat
could be studiedvia long baselineexperimentssuchasthe proposedvinos experiment.
Theindex of refractioneffect eq. (7) hasthe oppositesignfor 7, sothatthe mattereffect
may enhanceone of the oscillationsand suppresshe other A comparisorof v, — v
and7, — 7, would be of interestin searchingor CP violation in the neutrinomixing in
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analogywith the CKM mixing of quarks. However, one needsto disentanglehe matter
effectfrom arny possibleCP violation[9].

The mostinterestingapplicationof the mattereffect wasdiscoseredby Mikhaeyev and
Smirnov [10] andis referredto asthe MSW effect. If the vacuummixing angleis small
andthelower massstateis mainly v, thenasabeamof v, passe$rom high densityto low
density asv, emeging from the sun,the mixing anglewill passthrough45° anda large
transformatiorof v, will occur Indeed,if the passagés adiabatictherecould be almost
acompletetransformationThe MSW effectis a popularexplanationof the solarneutrino
problem,but moreexperimentsareneededo tell if it is the answer Shortly afterreading
the MS paper | wrote a shortunpublishedpaper[11] pointing out thatthe v, flux might
be largerat night thanduring the day for someenegies. If mostof the neutrinoswereto
arrive at earthasv,, or v,, thendueto the effect of earthmatter the mixing anglewould
be largerin earththanin vacuumandsomeof v,, or v, would corvert backto v.. This
day—nighteffecthasbeensoughtin the superKamiokandeobsenationsof solarneutrinos,
but sofar thereareonly limits which exclude certainvaluesof Am?. It is quite possible
thatthe effectis extremelysmall[12] for valuesof Am? thatfit the datavery well.

The possibility of vacuumoscillationswith an oscillationlengthcomparableo earth—
sundistanceanda large mixing angle,wasa muchearlierproposedxplanation[13]. The
solarneutrinodatasuggesthatthereis a particularlylarge suppressionf amonoenegetic
neutrinofrom electroncaptureon ?Be. For the caseof vacuumoscillations,this suppres-
sion factor shouldvary during the year dueto the changein the earth—surdistance. In
calculatingthis variationin detail,the questiorariseswhetherthis variationis smeareaut
becaus¢heneutrinosoriginatein differentpartsof thesunandsotravel differentdistances.
However, asl pointedout in my original paper in this casethe mattereffect completely
suppressegscillationsinsidethe sunandthey only begin atthe solarsurfacewherep, is
smallenough.lt turnsoutthatin arny casethemainsmearingeffectis the enegy spreadf
the"Be neutrinog14].

In conclusionmatteris transparentor neutrinosexceptfor extremedensitiesandultra-
high enegies. However, transparenimediado have anindex of refractionandthe analog
of birefringencecould play animportantrole in the physicsof neutrinooscillations.
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