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Solar neutrino problem in light of super-Kamiokande data
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Abstract. I discussthestatusof theacceptedsolutionsto thesolarneutrinoproblemin light of the
super-Kamiokandedata.
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Solarneutrinoproblemis the oldestof the neutrinopuzzleswhich cannotbe accounted
for by the standardmodel. During the last ten yearsdatafrom varioussolar neutrino
experiments[1–4] havereachedsuchagoodaccuracy thatastrophysicalsolutionsareruled
out. We mustinvoke neutrinophysicsbeyondtheStandardModel, in particularneutrino
oscillationsto obtainasatisfactorysolutionto thesolarneutrinoproblem.Recentsuper-K
resultson atmosphericneutrinos,in particularon theup-down asymmetryin atmospheric
muons,gaveastrongimpetusto thestudyof neutrinooscillations[5]. Thesuper-K dataon
solarneutrinosput new constraintson the previously allowedsolutionsandrestrictthem
further[6].

The ��� chainis thedominantenergy producingcycle in thesun.In thischain,neutrinos
areproducedin thefollowing reactions:�������	��
���
��������������������  "!$#&%(' (1))(* %+��
-,.� )(/10 ��� � � � �32 �4� 5�6�78#&%(' (2)9 * � 9 *;: ��
 � ��� � ��� � �<7�=;#�%('>� (3)

Thesereactionsarethedominantsourcesof signalsin thesolarneutrinodetectors.The �-�
reactionin eq.(1) is thefirst in thechainof energyproducingreactionsin thesun.Fromthe
measurementof thesolarluminosity, this reactionratecanbedeterminedquiteaccurately
and the flux of �-� neutrinoscanbe predictedwith goodprecision. The predictionsfor
the ��� fluxesfrom

)
Be and

9
B reactionscannot bepredictedvery accuratelybecausethe

concentrationsof
)
Be and

9
B reactionsarenot well known. Thesenucleiareproducedin

thefollowing reactions:? 
�%+�A@�
;%B� ) * %+�DCE� (4)
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��� ) * %F� 9 * �DCE� (5)

Particlesin thesolarcorehave kinetic energiesof a few KeV. In the lab, theratesfor the
abovereactionsaremeasuredwheretheenergiesof theinitial particlesarea few MeV. To
obtainthe ratesfor thesereactions,in the conditionsof the solarcore,involvesextrapo-
lation from laboratorymeasurements.Theuncertaintiesin thesecalculationscanbequite
large,particularlyfor the

9
B productionreactionin eq.(5) [7].

The solar neutrinoexperimentsare of threetypeswhich canbe characterizedby the
mediumusedfor neutrinodetection.Thesearegallium (GALLEX andSAGE), chlorine
(Homestake) andwater(Kamiokandeandsuper-Kamiokande).Gallium andchlorineex-
perimentsare radiochemicalexperimentsin which the neutrinoinducesan inversebeta
decay. Thesignalis measuredby countingthenumberof germanium(for gallium exper-
iments)or argon(for chlorineexperiment)atomsin thedetectorat regular intervals. Due
to this procedure,theseexperimentsseeonly time averagedsignalandarenot capableof
determiningtheenergy of theincomingneutrino.Kamiokandeandsuper-Kamiokandede-
tecttheCerenkov light emittedby theelectronin thereaction�F�G
H�I�F�G
 . Hencethese
experimentsdetecttheneutrinosin realtime andby measuringtheenergy of thescattered
electron,they candeterminethe energy of the incomingneutrino. The � ��J 
 scattering
canoccurvia bothchargedcurrent(CC) andneutralcurrent(NC), whereasthe �LK J 
 (or�LM J 
 ) scatteringcanoccuronly via NC.TheNC cross-sectionis aboutonefifth of theCC
cross-section[8]. In analysingthedataof Kamiokandeandsuper-K, theNC contribution
to signalfrom theoscillatedneutrinospeciesshouldbetakeninto account.

The predictionsfor the neutrinofluxesfrom variousreactionsarecalculatedusingthe
standardsolarmodel(SSM)of BahcallandPinsonneault[9]. Combiningthesefluxeswith
thedetectorcharacteristics,wecancalculatethesignalratesfor eachof thedetectors.The
thresholdsandtheSSMpredictionsfor thesignalratesfor variousexperimentsareshown
in thetable1 [10].

Thesumof thethreespecificratesdonotaddup to thetotalexpectedratebecausethere
aresmall contributionsto the total ratefrom CNO cycle. We will not explicitly consider
the CNO neutrinoshere. The ratesfor Kamiokandeandsuper-Kamiokandearegiven in
units of 7���N cm, � s,1O . The unit for otherrates,the solarneutrinounit (SNU), is 7�� , ? N
eventspertargetatompersecond.

In table1, theuncertaintyin theSSMpredictionfor thewaterCerenkov detectors,which
aresensitiveonly to

9
B flux, is quitelarge.However, this doesnot includetheuncertainty

in theextrapolationprocedureneededto calculatethe
9
B concentrationin thesun. If one

usesanextrapolationproceduredifferentfrom theoneusedby BahcallandPinsonneault,
thepredictionfor

9
B flux goesupby !��QP [10]. This factmustbetakeninto accountwhen

we comparethedatawith thepredictionsof theSSM.
Thesignalratesmeasuredby thedifferentexperimentsaregivenin table2. In table2,

only theexperimentalerrorsarequotedin thethird column.
We seethatall theexperimentsseea neutrinoflux that is lessthanthatexpectedfrom

theSSM.Moreover, thesuppressionseenby eachexperimentis different.Sincedifferent
experimentsaresensitive to neutrinosof differentenergies,thesuppressionseemsto bea
functionof neutrinoenergy. It is impossibleto obtainsuchasuppressionby modifying the
solarmodel,evenif we assumethatoneof theexperimentsis wrong[11]. Hencewe need
to invokenew physicsfor neutrinosto satisfactorily explainall thesolarneutrinodata.

Neutrino oscillationsprovide a very good solution to the solar neutrinoproblem. If
the �-� producedin the solarcoreoscillatesinto anotherflavour during its travel to earth,
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Table 1.

Experiment Threshold R�R rate S Be rate T B rate Total

GALLEX, SAGE 0.233MeV 70 SNU 35 SNU 15SNU 129U TVXW
Homestake 0.814MeV 0 1.1SNU 6.1SNU 7.7Y 1

Kamiokande 7.5MeV 0 0 5.15 5.15U[Z]\ ^V ^_\ S
Super-Kamiokande 6.5MeV 0 0 5.15 5.15U[Z]\ ^V ^_\ S
Table 2.

Experiment Measurement Measurement/Prediction

GALLEX 77.5 Y 7.5SNU 0.6 Y 0.06

SAGE 66.6 Y 7.9SNU 0.52 Y 0.06

Homestake 2.56 Y 0.2SNU 0.33 Y 0.029

Kamiokande 2.8 Y 0.38 0.54 Y 0.07

Super-Kamiokande 2.44 Y 0.085 0.474 Y 0.020

thenthemeasuredratewill besmallerthantheSSMpredictedrate.Thesurvival probabil-
ity ` �a� for a � � producedin thesunto bedetectedas � � onearthis givenby [12]

`E�b� 2 7 Jdc 0fe � !�g c 0fe � h 7�� !"i1j�k �(l� �nm � (6)

In the above equation,j�k � is in eV� , l is in metersand � � is in MeV. Equation(6) is
derivedunderthe assumptionthatonly two flavours, � � and �LK mix with eachotherandg is the mixing angle. j�k � 2 k �� J k � O , where k O and k � aremasseigenvaluesof
the two masseigenstateswhich ariseout of ��� J � K mixing. l is the sun–earthdistance
which is about 7�� O_O meters. In the caseof the radiochemicalexperiments,the ratio of
measuredrateto thepredictedratedirectly gives `E�b� . In thecaseof thewaterCerenkov
detectors,weshouldsubtracttheNC contributionto thesignalto determinè �a� . With this
subtraction,weget ` �a�;2 ���  "=1op��� �"i for Kamiokandeand ` �a�;2 ��� q"i[op��� ��! for super-K.
As mentionedbefore,datain table2 donotseemto allow ` �a� to beindependentof energy.
Since l is large,we seefrom eq. (6) that theenergy dependenttermoscillatesvery fastifj�k � is alsolarge. In suchcasesit averagesout to �4� = whenthe variationsin l and � �
aretakeninto account.Hencelargevaluesof jrk �-sbt 7�� , @ %�' ��u , which areneededfor a
solutionof theatmosphericneutrinoproblem[5], areruledoutbecausethey leadto energy
independentsuppressionof solarneutrinoflux.

Wolfensteinconsideredtheeffect of densesolarmatteron thepropagationof neutrinos
[13]. Since ��� interactswith electronsbothvia CC andNC, whereas� K interactsonly via
NC, this propagationleadsto anextra termfor ��� in the(mass)� matrix. Thematterterm
is givenby
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where
v

is in eV� , x thematterdensityis in g/ccand � theneutrinoenergy is in MeV. It
wasrealizedby Mikheyev andSmirnov that,for appropriatevaluesof j�k � , a resonance
couldoccurif

j�k �1{(|�c !�g 2 v (8)

which canleadto large oscillationprobability, even if the original mixing angleis small
[14,15]. If we calculatèE�b� , takingtheMSW effect into account[16,17],andfit thedata
on overall suppression,we obtaintwo allowedregionsin theparameterspace[10]:}Q~����f�Q� e�� � %8�_% ��0 | ep� j�k ��� =��  �yG7�� , N�%�' � � c 0fe � !Lg � 6�� �>y.7�� , ? �/ � � � % � e�� � %8�_% ��0 | ep� j�k ��� 7�� 5>yG7�� ,�� %�' � � c 0fe � !Lg � ����iL64�
The graphsof ` �a� for the small andthe largeanglesolutionsareshown in figures1 and
2 respectively. In thecaseof thesmallanglesolution,the �-� flux is unaffected,

)
Be flux

is completelysuppressedandthe suppressionof
9
B flux hasa strongenergy dependence

with ` �a� increasingrapidly in therange= J 7�� MeV. In thecaseof thelargeanglesolution` �a� for �-� flux is about �4� 6 , for
)
Be flux it is ���w= andfor

9
B flux it is energy independent

with a valueof about ���w!-= .
Thesmallanglesolutiongivesbetterfit to thedataonoverallsuppressionthanthelarge

anglesolutionif oneusesthepredictionsof Bahcall–Pinsonneault[9]. However, if
9
B flux

is calculatedby the otherextrapolationprocedurewhich leadsto a higherpredictionof
the

9
B flux, thenthe largeanglesolutiongivesa betterfit to thedatathanthesmallangle

solution[10]. Becauseof thelargeuncertaintyin thepredictionof
9
B flux, oneshouldlook

for signalsin the
9
B data,whichareindependentof thepredictionfor theoverallflux. Two

suchsignalsare� Day–nightasymmetry� Electronspectrumdistortion
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Figure 1. Day (thick) andnight (thin) survival probabilitiesasfunctionsof energy for
theMSW smallanglesolution.Thenight probabilityis obtainedby averagingover the
exposuretimesfor differentlengthsof traversal.
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Figure 2. Day (thick) andnight (thin) survival probabilitiesasfunctionsof energy for
theMSW largeanglesolution.Thenight probability is obtainedby averagingover the
exposuretimesfor differentlengthsof traversal.
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Figure 3. Survival probabilityasa functionof energy for vacuumoscillationsolution.

Theday–nightasymmetrycanarisebecausetheMSW effect canreconvertsomeof the
oscillatedneutrinosbackto ��� asthey passthroughtheearthmatter. Dueto this,thesignal
is expectedto be larger during night than during day. The ratio of night signal to day
signalis independentof thepredictionof overall

9
B flux anddependsonly on theneutrino

parameters.In figures1 and2, ` �a� for day is plottedasa thick line and ` �a� for night
is plottedasa thin line. In calculatingthe night probability, the actualdensityprofile of
earthis usedandtheexposuretimesfor differentlengthsof traversalin eartharefoldedin
[18]. In thecaseof thesmallanglesolution,thedayandthenightsurvival probabilitiesare
practicallyindistinguishable.In thecaseof thelargeanglesolution,thereis a discernible
differencebetweenthedayandthenightsurvival probabilities.Thisdifferencecanleadto
measurableday–nightasymmetry. Kamiokande’s measurementof day–nightasymmetry
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is consistentwith zerobut, dueto thelimited numberof events,theuncertaintiesarelarge.
Super-K measuredtheday–nightasymmetryto a verygoodprecision.Their resultisv�« ,[¬ 2®­ Jd¯­ � ¯ 2 �4� ��q;o°�4� �47�5 s ca± � ± u o���� �-�- s cb²Xcb± u � (9)

where ¯ is thedayrateand ­ is thenight rate[19]. Note that thesystematicuncertainty
is very small. Thestatisticalerrorwill go down with thecollectionof moredata. Hence
we can expect a very accuratemeasurementof

v�« ,[¬ . The smallnessof the day–night
asymmetryrulesoutsomeof theparameterspace,bothin thesmallandlargeangleregions,
thatwasallowedby overallrates.Thoughthepresentmeasurementof

v « ,[¬ is notcapable
of discriminatingbetweenthe small and the large anglesolutions,future, more precise
measurementscan.

The
9
B neutrinosareproducedvia a weakdecayandhave the usualthreebodydecay

spectrum.This spectrumis determinedpurelyby theelectroweaktheoryandis indepen-
dentof theoverall flux. Fromtheneutrinospectrumwe cancalculatetheexpectedspec-
trum of the scatteredelectronsin the waterCerenkov detectors.By comparingthe mea-
suredelectronspectrumto thecalculatedone,wecandetermineif thespectrumisdistorted.
Super-K measuredthe scatteredelectronspectrumin the energy range6.5–20MeV. The
graphfor the ratio of measuredeventsin anenergy bin to thenumberof expectedevents
in the samebin is moreor lessflat in the energy range6.5–12.5MeV. Above 12.5MeV
theratio is largerthantheaveragevalue,thoughtheerrorbarsarelarge.Fromfigure1, we
seethat the ` �a� for thesmall anglesolutionrisesquitesharply. It increasesfrom 0.25at
6 MeV to 0.5at 12MeV. Thespectrumof � � ’s reachingthedetectorwill bemodulatedby
this ` �b� andwe expecta correspondingdistortionin theelectronspectrum.Thefact that
no suchdistortionis seenmakesthesmallanglesolutiondisfavouredthoughit cannot be
ruledout with thecurrentstatistics.The ` �a� for thelargeanglesolutionis independentof
energy above 2 MeV. Thusthe flat electronspectrumobservedby super-K caneasilybe
accountedfor by the largeanglesolution. Thelarger thanaveragenumberof eventsseen
above 12.5MeV do posea problemfor thelargeanglesolution. However, thelargeerror
barsin thesebinsdo not makethemstatisticallysignificant.

Sofarwehavebeendiscussingonly solutionsbasedonMSW effect. Thereis, however,
anotherneutrinooscillationsolution which is consistentwith data. This is the vacuum
oscillationsolutionwith j�k � so small that lessthanoneoscillationoccursbetweenthe
sunand the earthfor

9
B neutrinoswith energy greaterthan5 MeV. Sincethe diameter

of earthis negligible comparedto thesun–earthdistance,therewill not beany day–night
effect for suchoscillations. Assumingsuchvacuumoscillations,we cancalculaterates
for variousexperimentsandalsothe electronspectrum.By comparingthe datato these
predictionswe candeterminethevaluesfor j�k � and c 0fe � !�g which fit thedatathebest.
Thebestfit valuesare

j�k � 2 6��w=�y.7�� ,[O_O %�' � c 0fe � !Lg 2 ����i�=X� (10)

The ` �b� for thissolutionis plottedin figure3 asa functionof neutrinoenergy. Weseethat
for energiesbelow 5 MeV, theoscillationsarerapidandwill beaveragedout evenoveran
energy bin of size0.5MeV. But above5 MeV, the ` �a� variessmoothlywith energy andthe
riseof ` �a� beyond10MeV canaccountfor thelargervaluesof measuredto expectedratio
thathasbeenobserved.However, in theenergyrange= – 7�� MeV, thespectraldistortiondue
to vacuumoscillationsis quitedifferentfrom thatof bothsmallandlargeanglesolutions.
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Theenergy thresholdfor super-K will soonbe loweredto 5.5 MeV andthemeasurement
of thespectrumfrom thesmallerthresholdwill helpusdistinguishthevacuumsolution.

In conclusion,the overall suppressionmeasurementof super-K hasnot alteredany of
theallowedsolutions.However, thegoodmeasurementsof theday–nightasymmetryand
thescatteredelectronspectrumseemto disfavour thesmallanglesolutionandfavour the
largeanglesolution. With presentuncertainties,though,bothMSW solutionsalongwith
vacuumoscillationsolution, remainviable. The day–nightasymmetrywill differentiate
betweenthe MSW small angleand large anglesolutions. The spectraldistortion,espe-
cially with the lower thresholdof 5.5 MeV, candistinguishbetweenall the threeallowed
solutions.More accuratemeasurementsof thesequantities,andthedatafrom futuresolar
neutrinoexperimentssuchasSNO andBorexino, will pin down thesolutionto the solar
neutrinoproblem.
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