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Transmission of neutrinos through matter
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Abstract. Neutrinostravel throughmatterwith negligible absorptionexceptin very extremesitu-
ations.However, theindex of refractionof neutrinoscanplay animportantrole in theoscillationof
onetypeof neutrinoto anotherwhenpassingthroughmatter.
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After Fermiproposedhis theoryof nuclearbetadecay, BetheandPeierls,in 1934,calcu-
latedthecross-sectionsfor theneutrinoprocesses
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For beta-decayneutrinos,the cross-sectionswereof the order ��� � �"!$#&%�' . If a beamof
���)(+* neutrinoswasaimedat theearth,all but onewould emergeon theotherside.As far
asneutrinoswereconcerned,it seemedthematterdid not matter.

It wasproposedin the 1930’s that the origin of solarenergy wasin nuclearreactions
occurringnearthecenterof thesun. Most of this energy is slowly transportedto thesur-
faceby radiative transfertaking the orderof ��� � years. However, detailedcalculations
in the 1960’s showed that 3% of the energy comesout in the form of neutrinos. These
emergedirectly without significantabsorptionandarrive on earthaftersevenminutes.In
a pioneeringexperiment[1], startingin 1968andcontinuingto thepresentday, Raymond
Davis detectedsolarneutrinosvia their captureon !-, Cl leadingto !-, A. Thus,it waspos-
siblewith neutrinosto look into thevery centerof thesun.Subsequentexperimentsusing
water-Cerenkov detection(Kamiokandeandsuper-Kamiokande)andcaptureon gallium
(GALLEX andSAGE)havealsodetectedtheseneutrinos.Thedetectedrate,however, has
beenof order50%or lessof the calculatedrate[2]. We will returnto this solarneutrino
problemlater.

Theredo exist extremesituationsin which neutrinoabsorptionis important. A type II
supernovaresultsfrom thecollapseof a largestar(of orderor greaterthan10solarmasses)
whenits nuclearfuel is exhausted.Thecentralregionof thestar, with a massof about1.4
solarmass,contractssuddenlyto a densityof order ���)( !/.�01#&%�! andtemperaturesgreater
than20MeV. Neutrinosof all varietiesareproducedby reactionsat thesetemperatures.At
this high density, themeanfreepathis only about1 km, whereasthesizeof thecoreis of
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order30km sothattheneutrinosarescatteredandcapturedandre-emittedasthey escape.
In this case,onemustcalculateneutrinoopacity[3] just asonecalculatesopticalopacity
for radiative transportin ordinarystarslike the sun. Nevertheless,it is mucheasierfor
neutrinosto escapefrom thehotcoreof thecollapsedstarthanphotons,sothat99%of the
energy of thecollapseis emittedin theform of neutrinos.Thedetectionof 19outof about
����2-3 neutrinosfrom supernova1987awasoneof thegreateventsof modernscience.

The possibility of seeingvery high energy neutrinosthat might be emittedby sources
likeactivegalacticnuclei(AGN) is thegoalof proposedexperimentslikeNESTORin the
MediterraneanSeaandICE CUBE at theSouthPole. Energiesup to ����4 GeV have been
predictedin somemodels.The neutrinocross-sectionriseswith energy, roughly linearly
above 1GeV. For energiesgreaterthan ����2 GeV, neutrinosareabsorbedin going through
theearthandby energiesof �5� , GeVonly onein amillion wouldcomethrough[4]. There
is oneinterestingexceptionfor thecaseof tau-neutrinos�16 . Whentheseareabsorbed,they
yield 7 leptons,which thendecaybackinto �16 ; becausethe 7 lifetime is only 8:9	�5� � ( ! s,
thesedecayswill occurafterashortdistancein spiteof thelargetimedilationfactor. Thus,
by a sequenceof absorptionsanddecays,an incident �16 of ��� , GeV couldemergeon the
othersideof theearth[5], althoughdegradedin energy.

In 1973,neutralcurrentinteractionswerediscovered,aspredictedby thespontaneously-
broken gaugetheoryof Weinberg andSalam. For neutrinosscatteringfrom nuclei, the
importantreactionis:

�1;<���=�>�?;<�@��� (2)

wherethe cross-sectionis the samefor �1;	AB�?�5�"�1C or �16 . Thereis alsoscatteringfrom
electrons;while theneutral-currentamplitudeis thesamefor all �1; , in thecaseof ��� the
scattering

� � ��
D�>� � ��
 (3)

cantake placeaswell by thechargedcurrentsothetotal amplitudeis thesumof thetwo.
As aresult,thecross-sectionfor elastic�?��EF
 scatteringis 6–7timeslargerthanfor �1C or�16 .

After the experimentaldiscovery of neutralcurrents,it wasof greatinterestto seeif
theseindeedagreedwith thetheoreticalpredictions.Onepredictionthatintriguedmewas
thattheneutralcurrentwasdiagonalin flavor: theneutrinoemerginghadthesameflavor as
theneutrinocomingin. In thedetectionof reaction(2), all onesaw wastherecoilneutron;
observingtheoutgoingneutrinowould requirea detectormuchlargerthantheearth.

However, I realizedin 1978thattherewasthepossibilityof detectingthecoherentinter-
ferencebetweentheforwardscatteredneutrinoandtheincidentbeam[6]. Thisinterference
determinestheindex of refraction� in accordancewith theopticaltheorem


HGI��E �5J ALK1MONQP�G ��J 0 
R� (4)

where
 is theneutrinomomentumand N is thenumberof scatterersperunit volume. In
thecaseof theoff-diagonalneutralcurrent,theindex of refractioneffectwould ‘rotate’ the
flavor just asanopticallyactivemediumrotatestheplaneof polarization.

Theimaginarypartof theindex of refractionis proportionalto thetotal cross-section

S AUT�M�V % P�G ��J 0 
 (5)
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which we have emphasizedis negligible. However, the real part is much larger sinceit
is proportionalto the weakcoupling WYX , whereasS is proportionalto W 'X . Thusfor the
neutralcurrentwe have


HGI��E �5J[ZUWYX N�\]ALK1M 01^ � (6)

where N \ is theneutronnumberdensityand ^ is thedistanceoverwhich thephasefactor
changesby K?M . For earthmatter, ^ is of the order of the radiusof the earth. (Note:
Fermi’sconstanttimesAvogadro’snumberdefinesa lengthaboutthesizeof theearth;the
fundamentalreasonfor thishasnotyetbeendetermined.)Thus,if theneutralcurrentwere
to change� C to � 6 , masslessneutrinostraveling throughthe earthwould oscillatefrom� C to � 6 . Recently, it wasdiscoveredwith the super-Kamiokandedetectorthat � C with
energiesof a few GeVproducedby cosmicrayswerereducedin flux by afactorof 2 when
observedcomingupwardthroughtheearth.Theonly explanationwasthatonaveragehalf
of the �1C oscillatedinto �16 on theirway throughtheearth.Thiscouldindeedbeexplained
by off-diagonalcurrentswith masslessneutrinosandsuchan explanationhasbeengiven
by Gonzalez–Garciaet al [7]. Sincethestandardmodelhasbeenshown to work extremely
well, this requiresneutralcurrentsoutsidethestandardmodel.

The simplerexplanationof the resultsis that neutrinoshave massandthat two eigen-
statesare approximatelyequalmixturesof � C and � 6 . The standardmodel can easily
accommodateneutrinomassesandgrandunified theorieslike SO(10)suggestsmallnon-
zeroneutrinomasses.In thecaseof � C –� 6 oscillationsdueto neutrinomassandassuming
theneutralcurrentis diagonalin flavor thematterdoesnot matterandtheresultsarejust
the sameas if the earthwere a vacuum. For thesevacuumoscillations,the oscillation
lengthincreaseswith energy unlike eq. (6) whereit is energy independent.Thesuper-K
datashowssuchanenergy dependence,but theauthorsof ref. [7] claim thattheresultsare
not yetaccurateenoughto distinguishthetwo possibilities[8].

Oscillationsdueto neutrinomassandmixing areaffectedby thematerialmediumwhen
they involve �?� . This wasdiscussedin the secondpart of the 1978paper[6]. Neutrino
oscillationsoccurin vacuumbecausethe relative phaseof two components(masseigen-
states)� ( and � ' changeswith time. Sincethis is a matterof phases,thephaseassociated
with the index of refractioncould be important. For the neutralcurrentof the standard
model, the amplitude P�G ��J is the samefor all neutrinosso it doesnot matter. However,
asnoted,the �?� hasanelasticamplitudedueto thechargedcurrent(W-exchange)thatthe
otherneutrinosdonothave. Thus,the �?� partof thewavefunctionhasaphasechangedue
to


HGI� � E �5J A_EQ`�K WYX N � ALK1M 01a * � (7)

where N � is theelectronnumberdensity. Here, a * againis a characteristiclengthof order
the earthradiusfor earthmatter. Thus,whenoneconsidersvacuumoscillation lengths
comparableto the earthradius,theoscillationlengthandmixing canbevery differentin
vacuumthanin matter.

An interestingcasewould be the searchfor �1Cb�c�?� and ��Cd� �e� oscillationsthat
could be studiedvia long baselineexperimentssuchasthe proposedMinos experiment.
Theindex of refractioneffect eq. (7) hastheoppositesignfor ��� sothat themattereffect
may enhanceoneof the oscillationsandsuppressthe other. A comparisonof �?C��f���
and �gC�� ��� would beof interestin searchingfor CPviolation in theneutrinomixing in
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analogywith the CKM mixing of quarks. However, oneneedsto disentanglethe matter
effect from any possibleCPviolation [9].

Themostinterestingapplicationof themattereffect wasdiscoveredby Mikhaeyev and
Smirnov [10] andis referredto asthe MSW effect. If thevacuummixing angleis small
andthelowermassstateis mainly �?� , thenasabeamof ��� passesfrom highdensityto low
density, as �?� emerging from thesun,themixing anglewill passthrough Tih�j anda large
transformationof �?� will occur. Indeed,if thepassageis adiabatictherecouldbealmost
a completetransformation.TheMSW effect is a popularexplanationof thesolarneutrino
problem,but moreexperimentsareneededto tell if it is theanswer. Shortlyafterreading
the MS paper, I wrote a shortunpublishedpaper[11] pointing out that the � � flux might
be largerat night thanduring theday for someenergies. If mostof theneutrinoswereto
arrive at earthas � C or � 6 , thendueto theeffect of earthmatter, themixing anglewould
be larger in earththanin vacuumandsomeof �?C or �16 would convert backto �?� . This
day–nighteffecthasbeensoughtin thesuper-Kamiokandeobservationsof solarneutrinos,
but so far thereareonly limits which excludecertainvaluesof k�l ' . It is quitepossible
thattheeffect is extremelysmall[12] for valuesof k�l ' thatfit thedataverywell.

The possibility of vacuumoscillationswith an oscillationlengthcomparableto earth–
sundistanceanda largemixing angle,wasa muchearlierproposedexplanation[13]. The
solarneutrinodatasuggestthatthereis aparticularlylargesuppressionof amonoenergetic
neutrinofrom electroncaptureon , Be. For thecaseof vacuumoscillations,this suppres-
sion factorshouldvary during the yeardue to the changein the earth–sundistance. In
calculatingthisvariationin detail,thequestionariseswhetherthisvariationis smearedout
becausetheneutrinosoriginatein differentpartsof thesunandsotraveldifferentdistances.
However, asI pointedout in my original paper, in this casethe mattereffect completely
suppressesoscillationsinsidethesunandthey only begin at thesolarsurfacewhere m � is
smallenough.It turnsout thatin any casethemainsmearingeffect is theenergy spreadof
the , Beneutrinos[14].

In conclusion,matteris transparentfor neutrinosexceptfor extremedensitiesandultra-
high energies. However, transparentmediado have an index of refractionandtheanalog
of birefringencecouldplay animportantrole in thephysicsof neutrinooscillations.
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