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Solar neutrino problem in light of super-Kamiokande data
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Abstract. | discusshestatusof theacceptedolutionsto the solarneutrinoproblemin light of the
superKamiokandedata.
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Solar neutrinoproblemis the oldestof the neutrinopuzzleswhich cannotbe accounted
for by the standardmodel. During the last ten yearsdatafrom varioussolar neutrino
experimentg1-4] havereacheduchagoodaccuray thatastrophysicasolutionsareruled
out. We mustinvoke neutrinophysicsbeyondthe Standardviodel, in particularneutrino
oscillationsto obtaina satisictorysolutionto the solarneutrinoproblem.RecentsuperkK
resultson atmosphericeutrinos,jn particularon the up-davn asymmetryin atmospheric
muons gave astrongimpetusto the studyof neutrinooscillationg5]. ThesuperK dataon
solarneutrinosput new constraintson the previously allowed solutionsandrestrictthem
further[6].

Thepp chainis thedominantenegy producingcyclein thesun.In this chain,neutrinos
areproducedn thefollowing reactions:

p+p— 2H+et +v, E, <0.42MeV (1)
"Be+e” — "Li+v., E,=0.861MeV (2)
B — ®B* +et + v, E, <15MeV. (3)

Thesereactionsarethe dominantsourceof signalsin thesolarneutrinodetectorsThe pp
reactionin eq. (1) isthefirstin thechainof enegy producingreactionsn thesun.Fromthe
measuremerdf the solarluminosity, this reactionratecanbe determinedjuite accurately
andthe flux of pp neutrinoscan be predictedwith good precision. The predictionsfor
the v, fluxesfrom 7Be and®B reactionscannot be predictedvery accuratelybecausehe
concentrationsf "Be and®B reactionsarenot well known. Thesenucleiareproducedn
thefollowing reactions:

*He + “He — "Be + 7, (4)
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p+ Be = 8B +1. (5)

Particlesin the solarcorehave kinetic enegiesof afew KeV. In thelab, the ratesfor the
abovereactionsaremeasureavherethe enegiesof theinitial particlesareafew MeV. To
obtainthe ratesfor thesereactions,n the conditionsof the solarcore, involvesextrapo-
lation from laboratorymeasurementslhe uncertaintiesn thesecalculationscanbe quite
large, particularlyfor the®B productionreactionin eq. (5) [7].

The solar neutrinoexperimentsare of threetypeswhich canbe characterizedy the
mediumusedfor neutrinodetection. Thesearegallium (GALLEX and SAGE), chlorine
(Homestalk) andwater (Kamiokandeand superKamiokande).Gallium andchlorine ex-
perimentsare radiochemicalexperimentsin which the neutrinoinducesan inversebeta
decay Thesignalis measuredy countingthe numberof germanium(for gallium exper
iments)or argon (for chlorineexperiment)atomsin the detectorat regularintervals. Due
to this proceduretheseexperimentsseeonly time averagedsignalandarenot capableof
determiningheenegy of theincomingneutrino.KamiokandeandsuperKamiokandede-
tectthe Cerenlov light emittedby the electronin thereactionr + e — v + e. Hencethese
experimentdetectthe neutrinosin realtime andby measuringhe enegy of the scattered
electron,they candeterminethe enegy of the incomingneutrino. The v, — e scattering
canoccurvia bothchagedcurrent(CC) andneutralcurrent(NC), whereaghev,, — e (or
v, —e) scatteringcanoccuronly via NC. TheNC cross-sectioiis aboutonefifth of theCC
cross-sectiofig]. In analysingthe dataof KamiokandeandsupefK, the NC contribution
to signalfrom the oscillatedneutrinospecieshouldbetakeninto account.

The predictionsfor the neutrinofluxesfrom variousreactionsare calculatedusingthe
standardsolarmodel(SSM) of BahcallandPinsonneaulf9]. Combiningthesefluxeswith
thedetectorcharacteristicaye cancalculatethe signalratesfor eachof thedetectorsThe
thresholdsandthe SSM predictionsfor the signalratesfor variousexperimentsareshovn
in thetablel1[10].

The sumof thethreespecificratesdo notaddup to the total expectedratebecausehere
aresmall contributionsto the total ratefrom CNO cycle. We will not explicitly consider
the CNO neutrinoshere. The ratesfor Kamiokandeand superKamiokandearegivenin
units of 106 cm—2s~1. The unit for otherrates,the solarneutrinounit (SNU), is 1036
eventspertargetatompersecond.

In tablel, theuncertaintyin the SSMpredictionfor thewaterCerenlov detectorsyhich
aresensitve only to 2B flux, is quitelarge. However, this doesnotincludethe uncertainty
in the extrapolationprocedureneededo calculatethe®B concentratiorin the sun. If one
usesan extrapolationprocedurdifferentfrom the oneusedby Bahcalland Pinsonneault,
thepredictionfor B flux goesup by 20% [10]. Thisfactmustbetakeninto accountvhen
we comparethe datawith the predictionsof the SSM.

The signalratesmeasuredy the differentexperimentsaregivenin table2. In table 2,
only the experimentakerrorsarequotedin thethird column.

We seethatall the experimentsseea neutrinoflux thatis lessthanthat expectedfrom
the SSM. Moreover, the suppressioiseenby eachexperimentis different. Sincedifferent
experimentsare sensitie to neutrinosof differentenegies,the suppressiolseemdo bea
functionof neutrinoeneny. It isimpossibleto obtainsucha suppressiofvy modifying the
solarmodel,evenif we assumeéhatoneof the experimentds wrong[11]. Hencewe need
to invoke new physicsfor neutrinosto satisactorily explain all the solarneutrinodata.

Neutrino oscillationsprovide a very good solutionto the solar neutrino problem. If
the v, producedn the solarcore oscillatesinto anotherflavour during its travel to earth,
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Table 1.

Experiment Threshold pprate "Berate 2®Brate Total

GALLEX, SAGE  0.233MeV 70SNU 35SNU  15SNU 1293

Homestak 0.814MeV 0 1.1SNU 6.1SNU  7.7+1
Kamiokande 7.5MeV 0 0 5.15 51579
SuperKamiokande 6.5MeV 0 0 5.15 51579
Table 2.

Experiment Measurement Measurement/Prediction
GALLEX 77.5+ 7.5SNU 0.6+ 0.06

SAGE 66.6+ 7.9SNU 0.52+ 0.06
Homestak 2.56+ 0.2SNU 0.33+0.029
Kamiokande 2.8+0.38 0.54+0.07
SuperKamiokande 2.444 0.085 0.4744+ 0.020

thenthemeasuredatewill besmallerthanthe SSM predictedrate. The survival probabil-
ity P.. for av, producedn thesunto bedetectedasv, onearthis givenby [12]

(6)

Am2L
P,, = 1 — sin® 20 sin? (1.27 m )

v

In the above equation,Am? isin eV?, L is in metersand E,, is in MeV. Equation(6) is
derived underthe assumptiorthat only two flavours, v, andv, mix with eachotherand
6 is the mixing angle. Am? = m2 — m?2, wherem; andm, are masseigervaluesof
the two masseigenstatesvhich ariseout of v, — v, mixing. L is the sun—eartidistance
which is about10'! meters. In the caseof the radiochemicalexperiments the ratio of
measuredateto the predictedratedirectly gives P,.. In the caseof the water Cerenlov
detectorswe shouldsubtracthe NC contributionto the signalto determineP,.. With this
subtractionwegetP,. = 0.45+0.07 for KamiokandeandP,, = 0.37+0.02 for supetK.
As mentionedefore,datain table2 donotseento allow P, to beindependentf enepy.
Sincel is large,we seefrom eq. (6) thatthe enegy dependentermoscillatesvery fastif
Am? is alsolarge. In suchcasest averagesoutto 0.5 whenthe variationsin L and E,
aretakeninto account.Hencelargevaluesof Am?(> 10~* eV?), which areneededor a
solutionof theatmospheriteutrinoproblem[5], areruledoutbecaus¢hey leadto enegy
independensuppressiof solarneutrinoflux.

Wolfensteinconsideredhe effect of densesolarmatteron the propagatiorof neutrinos
[13]. Sincev, interactswith electronsbothvia CC andNC, whereas,, interactsonly via
NC, this propagatiorieadsto anextratermfor v, in the (massj matrix. The matterterm
is givenby
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A=0.76 pE x 1077, (7)

whereA is in eV?, p the matterdensityis in g/ccand E the neutrinoenegy is in MeV. It
wasrealizedby Mikheyev and Smirnov that, for appropriatevaluesof Am?2, aresonance
couldoccurif

AmZcos20 = A (8)

which canleadto large oscillation probability, evenif the original mixing angleis small
[14,15]. If we calculateP,., takingthe MSW effectinto accoun{16,17], andfit the data
on overall suppressionye obtaintwo allowedregionsin the parametespacq10]:

Small angle region : Am? ~ 5.4 x 10~% eV?, sin®26 ~ 6.0 x 1072,
Large angle region : Am? ~ 1.8 x 107% eV?, sin® 26 ~ 0.76.

The graphsof P,. for the smallandthe large anglesolutionsare shown in figures1 and
2 respectiely. In the caseof the small anglesolution,the pp flux is unafected,”Be flux
is completelysuppressedndthe suppressiomf 8B flux hasa strongenegy dependence
with P,. increasingapidlyin therange5 — 10 MeV. In thecaseof thelargeanglesolution
P, for pp flux is about0.6, for ”Be flux it is 0.5 andfor ®B flux it is enegy independent
with a valueof about0.25.

Thesmallanglesolutiongivesbetterfit to the dataon overall suppressiothanthelarge
anglesolutionif oneuseghe predictionsof Bahcall-Pinsonneau®]. However, if 8B flux
is calculatedby the other extrapolationprocedurewhich leadsto a higher predictionof
the 2B flux, thenthe large anglesolutiongivesa betterfit to the datathanthe smallangle
solution[10]. Becaus®f thelargeuncertaintyin the predictionof 8B flux, oneshouldlook
for signalsin the®B data,which areindependenof the predictionfor theoverall flux. Two
suchsignalsare

e Day—nightasymmetry
e Electronspectrundistortion
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Figure 1. Day (thick) andnight (thin) survival probabilitiesasfunctionsof enegy for
the MSW smallanglesolution. The night probabilityis obtainedby averagingover the
exposuretimesfor differentlengthsof traversal.
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Figure 2. Day (thick) andnight (thin) survival probabilitiesasfunctionsof enegy for
the MSW large anglesolution. The night probability is obtainedby averagingover the
exposuretimesfor differentlengthsof traversal.
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Figure 3. Survival probabilityasa function of enegy for vacuumoscillationsolution.

The day—nightasymmetrycanarisebecaus¢he MSW effect canrecorvert someof the
oscillatedneutrinosbackto v, asthey passhroughtheearthmatter Dueto this, thesignal
is expectedto be larger during night than during day. The ratio of night signalto day
signalis independenof the predictionof overall®B flux anddependsnly ontheneutrino
parameters.In figures1 and 2, P,.. for dayis plottedasa thick line and P, for night
is plottedasa thin line. In calculatingthe night probability, the actualdensityprofile of
earthis usedandthe exposuretimesfor differentlengthsof traversalin eartharefoldedin
[18]. In thecaseof thesmallanglesolution,thedayandthenight survival probabilitiesare
practicallyindistinguishableln the caseof thelarge anglesolution,thereis a discernible
differencebetweerthedayandthenight survival probabilities.This differencecanleadto
measurablelay—nightasymmetry Kamiokandes measurementf day—nightasymmetry
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is consistentvith zerobut, dueto thelimited numberof events theuncertaintiearelarge.
SuperK measuredhe day—nightasymmetnito a very goodprecision.Their resultis

N-D

Ap g=——— =0.03+0.01 +0.004
ned = o = 0-03 0.018(stat) + 0.004(syst), (9)

whereD is thedayrateand N is the nightrate[19]. Note thatthe systematiauncertainty
is very small. The statisticalerrorwill go down with the collectionof moredata. Hence
we can expecta very accuratemeasuremendf A4,_4. The smallnesf the day—night
asymmetryulesoutsomeof the parametespacehothin thesmallandlargeangleregions,
thatwasallowedby overallrates. Thoughthe presenteasuremertf A,, 4 is notcapable
of discriminatingbetweenthe small and the large angle solutions,future, more precise
measurementsan.

The ®B neutrinosare producedvia a weak decayandhave the usualthreebody decay
spectrum.This spectrumis determinedourely by the electraveaktheoryandis indepen-
dentof the overall flux. Fromthe neutrinospectrumwe cancalculatethe expectedspec-
trum of the scatterecelectronsin the water Cerenlov detectors.By comparingthe mea-
suredelectronspectrunto thecalculatedne,we candeterminaf thespectrums distorted.
SuperK measuredhe scatterectlectronspectrumin the enegy range6.5-20MeV. The
graphfor theratio of measuredventsin anenegy bin to the numberof expectedevents
in the samebin is moreor lessflat in the enegy range6.5-12.5MeV. Above 12.5MeV
theratiois largerthanthe averagevalue thoughtheerrorbarsarelarge. Fromfigure 1, we
seethatthe P, for the smallanglesolutionrisesquite sharply It increasedgrom 0.25at
6 MeV to 0.5at 12 MeV. The spectrunof v,.’s reachingthe detectomwill be modulatedoy
this P,. andwe expecta correspondinglistortionin the electronspectrum.The factthat
no suchdistortionis seenmakesthe smallanglesolutiondisfavouredthoughit cannot be
ruledoutwith the currentstatistics.The P, for thelarge anglesolutionis independenof
enegy above 2 MeV. Thusthe flat electronspectrumobsened by superK caneasilybe
accountedor by the large anglesolution. The largerthanaveragenumberof eventsseen
above 12.5MeV do posea problemfor the large anglesolution. However, the large error
barsin thesebinsdo not make themstatisticallysignificant.

Sofarwe have beendiscussingonly solutionsbasedbn MSW effect. Thereis, however,
anotherneutrinooscillation solution which is consistentwith data. This is the vacuum
oscillationsolutionwith Am? so smallthatlessthanone oscillation occursbetweerthe
sunandthe earthfor 8B neutrinoswith enegy greaterthan5 MeV. Sincethe diameter
of earthis negligible comparedo the sun—earthdistancetherewill not be ary day—night
effect for suchoscillations. Assumingsuchvacuumoscillations,we can calculaterates
for variousexperimentsand alsothe electronspectrum.By comparingthe datato these
predictionswe candeterminethe valuesfor Am? andsin? 20 which fit the datathe best.
Thebestfit valuesare

Am? =6.5x 107 eV?  sin? 20 = 0.75. (10)

The P, for this solutionis plottedin figure 3 asa functionof neutrinoenegy. We seethat
for enegiesbelon 5 MeV, theoscillationsarerapidandwill beaveragedutevenoveran
enegy bin of size0.5MeV. But abore 5 MeV, the P, variessmoothlywith enegy andthe
riseof P,, beyond10MeV canaccounfor thelargervaluesof measuredo expectedratio
thathasbeenobsened. However, in theenegy ranges—10 MeV, thespectrabistortiondue
to vacuumoscillationsis quite differentfrom that of both smallandlarge anglesolutions.
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The enegy thresholdfor superK will soonbe loweredto 5.5MeV andthe measurement
of thespectrunfrom the smallerthresholdwill helpusdistinguishthe vacuumsolution.

In conclusion,the overall suppressiomeasuremendf superK hasnot alteredary of
the allowed solutions.However, the goodmeasurementsf the day—nightasymmetryand
the scatterecklectronspectrumseemto disfavour the small anglesolutionandfavour the
large anglesolution. With presentuncertaintiesthough,both MSW solutionsalongwith
vacuumoscillation solution, 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 accurateneasurementsf thesequantities andthe datafrom future solar
neutrinoexperimentssuchas SNO and Borexino, will pin down the solutionto the solar
neutrinoproblem.
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