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RESULTS ON NEUTRINO MASS AND MIXINGFROM SUPERKAMIOKANDE�Danuta Kieªzewskafor the SuperKamiokande and K2K CollaborationsInstitute for Experimental Physis, Warsaw Universityand Institute for Nulear StudiesHo»a 69, 00-681 Warsaw, Polande-mail: danka�fuw.edu.pland Physis Department, University of CaliforniaIrvine, CA 92697, USA(Reeived Deember 28, 2001)After the disovery of neutrino osillations by SuperKamiokande threeyears ago the measurements of their masses and �avor mixing are underway using various neutrino soures and energies. High preision data on at-mospheri neutrinos show that the dominant mixings our between ativespeies. They allow for statistially signi�ant three-�avor analysis, whihon�rm the almost maximal mixing �� $ �� . Results of searhes for tauneutrinos are onsistent with this senario. The K2K experiment, whihuses the KEK aelerator as the neutrino soure and the SuperKamiokandefor their detetion, is sensitive to the osillations observed in the atmo-spheri neutrinos. The results obtained after one year of the run timeprovide a hek of the osillation parameters with the well determinedbeam properties using a set of near detetors and beam monitors. Thesolution of the solar neutrino puzzle in terms of �e osillations has beenreently muh enhaned by exiting new results from the SNO Collabo-ration. Their omparison with SuperKamiokande results again exludes asterile neutrino mixing as dominant suggesting instead a large �e mixingwith other ative neutrinos. This interpretation has been favored by reentSuperKamiokande spetral and angular measurements.PACS numbers: 14.60.Pq, 14.60.Lm, 95.30.Cq, 95.55.Vj� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (189)



190 D. Kieªzewska1. IntrodutionOne of the most fundamental tasks of partile physis is a determinationof neutrino masses. The only urrently used tehnique allowing to probemass sales smaller than 1 eV is neutrino osillation, disovered three yearsago by the SuperKamiokande Collaboration [1�3℄. The fasinating historyof searhes for neutrino osillations and many experimental details an befound in review artiles in Refs. [4, 5℄.The osillation probability depends on the ratio of the distane traveledby neutrinos to their energy and on the di�erene of masses of partiipatingneutrino states. The SuperKamiokande (SK) experiment is sensitive to widerange of mass di�erenes beause it an study both the neutrinos produedin the Earth atmosphere and muh less energeti neutrinos resulting fromthermonulear reations in the solar ore. It uses a large water Cherenkovdetetor loated underground in the Kamioka mine in Japan. It ontains50 kton of ultra-pure water and is equipped with 11134 50 m photomulti-plier tubes. It has operated with over 90% live time sine April 1996 untilJuly 2001. We report here the data analysis for almost 80 kiloton-year ex-posure.In Se. 2 we will show formulae relevant for mixing of three neutrino�avors and approximations whih allow for a deoupling of the osillationanalysis of atmospheri and solar data.The results on atmospheri neutrinos are desribed in Se. 3. The datasamples are large enough to allow for 3-�avor analysis, a better disrimina-tion between �� $ �� and �� $ �sterile hypotheses and �rst results on ��appearane searhes.The SK detetor registers also neutrinos produed at the KEK aelera-tor 250 km away. The experiment is able to probe the �� $ �x osillationparameters derived from atmospheri neutrinos. The data obtained untilMarh 2001 are desribed in Se. 4.The solar neutrino de�it puzzle is muh loser to its �nal solution withthe new data from Sudbury Neutrino Observatory (SNO) and their ompar-ison with SK measurements. In Se. 5 we summarize the data as well as anosillation analysis of all available solar neutrino results.Earlier results on atmospheri and solar results, as well as the very �rstdata from K2K experiment were desribed in Ref. [6℄, where the readeran �nd more details and explanations about the experiments as well asproedures used in the data analysis.



Results on Neutrino Mass and Mixing from SuperKamiokande 1912. Neutrino osillationsMixing of 3 ative neutrinos is desribed by a 3� 3 matrix, analogous tothe Cabibbo�Kobayashi�Maskawa quark matrix. It transforms 3 states withde�nite masses to 3 states partiipating in weak interations. Conventionallythe parametrization advoated by Partile Data Group [7℄ is used.V =0� 1213 s1213 s13e�iÆ�s1223 � 12s13s23e�iÆ 1223 � s12s13s23eiÆ 13s23s12s23 � 12s1323eiÆ �12s23 � s12s1323eiÆ 1323 1A ;where sik = sin(�ik); ik = os(�ik)Assuming CP onservation: (Æ = 0) the transformation from the masseigenstates �1; �2; �3 to the �avor states �e; ��; �� is expressed by 3 rotationmatries:0� �e���� 1A = 0� 1 0 00 23 s230 �s23 231A0� 13 0 s130 1 0�s13 0 131A0� 12 s12 0�s12 12 00 0 11A0� �1�2�31A :The probability of osillations is then given by:P (�� ! ��) = �2 3Xi=1 3Xj=1;j 6=iV�iV�iV�jV�j sin2 1:27 Æm2ijLE� ! ;where Æm2ij = m2i �m2j , L is the neutrino pathlength and E� its energy.With three di�erent masses mi one has two independent di�erenes, e.g.Æm12 � Æm and Æm23 � �m. In a likely senario that �m � Æm, one anapproximate Æm13 � Æm23.Now suppose that we have two experimental onditions, in whih themeasured L=E values are signi�antly di�erent. Then for relatively smallvalues of L=E� (e.g. in ase of atmospheri neutrinos) one an make thefollowing approximation: sin2�1:27 Æm2LE� � � 0 :With this one gets the following transformation probabilities:P (�� ! �� ) = os4(�13) sin2(2�23) sin2�1:27�m2LE� � ; (1)P (�� ! �e) = sin2(2�13) sin2(�23) sin2�1:27�m2LE� � ; (2)P (�e ! �� ) = sin2(2�13) os2(�23) sin2�1:27�m2LE� � : (3)



192 D. KieªzewskaOn the other hand in the ase of solar neutrino experiments the approx-imation of large L=E� is useful:�sin2�1:27�m2LE� �� � 0:5 :Then:P (�e ! �e) = 1� os4(�13) sin2(2�12) sin2�1:27 Æm2LE� �� 0:5 sin2(2�13):(4)Thus for well separated mass squared one gets �a deoupling� of the osilla-tion analysis.In ase of a small angle �13 the above formulae lead to the well knownexpression for osillation probability in 2-�avor ase:Pi!f = sin2 2� sin�1:27�m2(eV2)L(km)E�(GeV) � : (5)3. Atmospheri neutrinosAtmospheri neutrinos1 are produed by osmi rays with in the Earthatmosphere. As a result of a power-law momentum spetrum of primaryosmi rays the neutrinos have mostly energies of a few GeV. In a largeunderground detetor they give rise to the interations ourring inside the�duial volume of the detetor, alled ontained events. The events are alledFully Contained (FC) if harged produts do not leave the inner detetorvolume, otherwise they are lassi�ed as Partially Contained (PC).The FC events of the SK sample are additionally subdivided into �sub-GeV� (with visible energy <1.33 GeV) and �multi-GeV� (>1.33 GeV) events.One an signi�antly inrease statistis of high energy neutrinos takinginto aount interations ourring in the rok outside of the detetor withmuons entering the detetor �duial volume. Due to the large bakground ofthe downward-going osmi ray muons the neutrino-indued events an beseleted only if they produe upward-going muons. The upward-going muonsan either traverse the entire detetor (�through-going�) or stop inside of it.The data are ompared with detailed MC simulations of neutrino inter-ations and detetor response. The simulations are done for �uxes alulatedby Honda et al. [8℄, Bartol group [9℄ and Battistoni et al. [10℄.1 Throughout the setion about atmospheri neutrinos we taitly assume a sum ofneutrinos and antineutrinos when we write about neutrinos.



Results on Neutrino Mass and Mixing from SuperKamiokande 1933.1. Contained eventsThe ontained event rates measured in a 79 kiloton-year exposure(or 1289 days of detetor lifetime) are ompared with those expeted fromMonte Carlo simulations in Table I. One an learly see the known for morethan a deade de�it of muon neutrinos, whih are deteted mostly as �-likeevents. TABLE ISample of ontained events (1289 days).Sub-GeV Multi-GeVData MC Data MCSingle trak:e-like 2864 2668 626 613�-like 2788 4073 558 838PC �-like 754 1065Multi trak 2159 2585 1318 1648Total 7811 9326 3256 4164The measured �avor ratio is onventionally ompared to expetation asthe �ratio of ratios�, R, de�ned asR = (N�=Ne)DATA(N�=Ne)MC ; (6)where N� and Ne are numbers of �-like and e-like single trak events fordata and MC. For no osillations, R is expeted to be 1, while the mea-sured double ratio is 0:638 � 0:017(stat:) � 0:050(syst:) for sub-GeV and0:675 � 0:034(stat:)� 0:080(syst:) for multi-GeV samples.At energies relevant for atmospheri neutrinos there is no signi�ant �uxattenuation in Earth and so an approximate up-down symmetry is expeted.We then ompare the experimental and theoretial distributions of zenithangle for di�erent event ategories. In Fig. 1 os� = �1 orresponds toupward-going neutrinos. A de�it of muon neutrinos passing through theEarth learly seen, while the observed angular distribution of e-like eventsagrees in shape with simulations.3.2. Upward-going muonsThe upward-going muon sample makes it possible to probe higher neu-trino energies. With an interation point outside of the detetor the eventenergy annot be measured. However, a relative rate of stopping to through-going events ompared to MC expetations provides an independent infor-mation about energy dependene of the osillations. The analysis of earlier
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Fig. 1. Angular distributions for sub-GeV (top) and multi-GeV (bottom) 1289 daysamples; left �gures are for e-like and right for �-like events. Solid lines show theMC no-osillation predition, while broken lines show the �� $ �� osillationpredition for the best-�t parameters.data has been published in Ref. [11,12℄. The most reent results are given inTable II. From the omparison of the measured and expeted �uxes one againsees a de�it of muons. The measured ratio of stopping to through-goingmuons, R= 0:242�0:017+0:013�0:011 has been obtained, signi�antly smaller thanthe expeted R= 0:37� 0:05 for both Bartol and Honda �ux alulations.TABLE IISample of upward-going muons.Sample Lifetime Number Flux (�10�13m�2s�1sr�1)(days) of events Measured Honda BartolThrough-going 1268 1406 1:70� 0:05 1:84� 0:41 1:97� 0:44Stopped 1247 322 0:41� 0:03 0:68� 0:15 0:73� 0:16



Results on Neutrino Mass and Mixing from SuperKamiokande 195In the high energy events the muon diretion is very well orrelated withthat of a parent neutrino. Fig. 2 shows the �ux of through-going muonsand the relative fration of stopping upward muons as funtions of zenithangle. They are ompared with orresponding MC preditions using theBartol neutrino �uxes.

Fig. 2. Zenith angle distribution of upward-going muons. Left: �uxes of through-going muons. Right: the ratio of stopped to through-going muons. The data pointsare ompared with the no-osillation �ux preditions (solid lines), and the best �t�� $ �� osillations (the dashed lines).3.3. Osillation analysis � two �avor approximationFig. 1 shows that the most natural explanation of the observed de�itof upward going muon neutrinos is o�ered by the �� $ �� osillations.At neutrino energies below 10 GeV the Charged Current (CC) ross-setionfor �� is signi�antly smaller than that for �� interations due to the �lepton mass. On the other hand the shape of the angular distribution ofe-like events agrees well with simulations, so transitions �� $ �e annot besigni�ant for the �m range whih an be probed by atmospheri neutrinos.It then follows from Eqs. (2) and (3) that the angle �13 is small ompared to�23. Therefore, we �rst �t data with the formula (5) with only 2 osillationparameters: �m2 and sin2 2� = 1:0.A minimal �2 analysis is applied to all the data on energy and diretionsof the ontained single ring events and upward-going muons. Additionalterms in the �2 take into aount systemati unertainties. The �ux nor-malization is treated as a free parameter. The details of the proedure aredesribed in [1, 14℄.



196 D. KieªzewskaAssuming �� $ �� osillations the best �t is obtained for sin2 2� = 1:0and�m2 = 2:5�10�3 eV2, with �2=d:o:f: = 142=152, while for no-osillationhypothesis it is 344/154. The histograms for the best �t parameters aresuperimposed in Fig. 1 and 2. The aeptable osillation parameters atdi�erent on�dene levels are delineated by the ontours in Fig. 3.

Fig. 3. Allowed regions for parameters of �� $ �� osillations using om-bined information from the ontained events and upward-going muons in the Su-perKamiokande detetor.Note that using 3-dimensional alulations of neutrino �uxes [10℄ thebest �t is obtained for pratially the same parameters: sin2 2� = 1:0 and�m2 = 2:4 � 10�3 eV2.3.4. Osillation analysis � three �avor proedureLarge aumulated statistis of data allow for meaningful �t of 3 param-eters: �m2, sin2 �23 and sin2 �13 using formulae (2) and (3).The analysis is performed for ontained single trak �-like and e-likeevents. The best �t results are onsistent with 2 �avor analysis, i.e. maxi-mum �� $ �� mixing, �m2 = 0:003 eV2 and sin(�13) = 0. Note that heresin2(�23) is displayed instead of sin2(2�23). Regions of the parameters al-lowed at di�erent .l. are shown in Fig. 4. The �� $ �e transitions at �m2of the order of 10�3 eV2 an be studied with the best sensitivity by searh-
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 sin2Θ  sin2ΘFig. 4. Allowed regions assuming transitions between 3 ative neutrinos. Left:sin2(�13) versus sin2(�23). Right: �m2 versus sin2(�13). The shaded area is ex-luded by Chooz experiment.

 ∆m2 (eV2)Fig. 5. �2 versus �m2 in the 3-generation analysis. The lines indiate limits at90% and 99% .l.ing for a disappearane of �e in reator experiments. The best results havebeen obtained by the Chooz Collaboration [13℄ and their exlusion limits aresuperimposed.The sensitivity of the experiment to the �m2 with urrent statistis isshown in Fig. 5. 3.5. Osillations into �sterileIt is interesting to onsider also transitions into �sterile� neutrinos whihby de�nition do not interat. The �� $ �sterile osillations an also reproduethe data presented in Fig. 1 [14℄.



198 D. KieªzewskaIn order to disriminate between pure �� $ �� and �� $ �sterile transi-tions the following two approahes are possible.First one an try to selet a sample of Neutral Current (NC) interations.The �� $ �� transition would not ause any hange in this sample beausethe NC ross setions are the same for �� and for ��. On the other hand onewould expet a redued rate of NC events in ase of �� $ �sterile osillations.On the basis of a simulated sample a set of uts has been determined whihenhanes a ontribution of NC interations among multi-ring events of the

Fig. 6. Zenith angle distributions. Top: multi-ring sample enrihed in neutral ur-rent interations; Bottom: PC sample (left) and upward-going muons (right). Thehistograms orrespond to �� $ �� (solid) and �� $ �sterile (dashed) osillationswith the mixing parameters indiated in the �gure.



Results on Neutrino Mass and Mixing from SuperKamiokande 199SK data. The zenith angle distribution of the data is ompared in Fig. 6(top) with expetations for both �� $ �� and �� $ �sterile. It is seen thatthe �� $ �� osillations �t better the data.Another approah is to selet a sample of harge urrent interations inthe detetor and exploit the matter e�ets in Earth [16℄. During the neutrinopassage through Earth the �� and �� undergoes a �refration� beause of theNC interations with matter. The e�et is the same for both �avors. On theother hand the di�erene in interations for �� and �sterile leads to a potentialterm in the di�erene of energies of propagating neutrinos and onsequentlyto di�erent veloities. The e�et appears to be stronger for higher neutrinoenergies and, therefore, samples of PC events and upward-going muons aremore suitable for this study. The zenith angle distributions for both samplesare also displayed in Fig. 6. Again it is seen that the �sterile hypothesis isless likely.As a result of the statistial analysis of all the three independent datasamples pure �� $ �sterile osillations are disfavored at 99% .l. The detailsof the analysis are desribed in Ref. [15, 17℄ but the results presented herehave been obtained with larger samples (1144 days for multi-ring and PCsamples and 1138 days for upward-muons).3.6. Searh for �� appearaneThe spetrum of atmospheri neutrinos is too soft for a signi�ant num-ber of CC �� interations. However for the maximal mixing and �m2 =0:003 eV2 one expets 74 �� events from the �� $ �� osillations for 79 kton--year exposure. The basi distintion of �� events from the bakground ofmuon and eletron atmospheri neutrinos omes from higher event energiesand larger number of traks, beause tau lepton deays add to the total num-ber of pions in an event. Three di�erent tehniques were undertaken in orderto selet samples enrihed in tau events. They were optimized using MC anddata samples for downgoing neutrinos in whih no signal is expeted. Thusdetermined proedures were then applied to the whole samples. Here wepresent some preliminary results [18℄.Fig. 7 shows the zenith angle distributions for a tau enrihed sampleseleted by one of the analysis. The data are ompared with 2 histogramsof simulated samples. The solid one is for the bakground of atmospherineutrinos (BG) normalized by the exposure. Dotted histogram is a sum ofBG and �� sample, but the normalization of both samples is obtained by a2-parameter �t to the data sample.The results are shown in Table III. It is seen that the results of di�erentanalysis are onsistent with �� appearane at about 2 sigma level. Howeverit has to be noted that all 3 analysis are based on the same MC simulations.
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Fig. 7. Zenith angle distribution for a sample enrihed in �� events. Dots denotedata and histograms simulated samples (see the text). TABLE IIISummary of the �� searhAnalysis 1 2 3Number of CC�� 43� 17+8�11 44� 20+8�12 25:5+14�13E�ieny 0.42 0.45 0.32Number of CC �� (e�ieny orreted) 103� 41+18�26 98� 44+18�27 79+44�404. Aelerator neutrinos � K2K experimentThe K2K experiment is the �rst long-baseline neutrino-osillation exper-iment using laboratory neutrinos. Almost a pure �� beam from �+ deaysis generated in the KEK 12 GeV/ Proton Synhrotron, and neutrino eventsare deteted in the SK detetor 250 km away.The experiment sensitivity depends on a preise determination of theoriginal neutrino �ux and on the measurement of event rates as well asan energy spetrum modulation in SK. To ensure good understanding ofthe beam at prodution a set of three detetors situated at a distane of80 m from the deay tunnel at KEK is used. It onsists of a 1 kton water



Results on Neutrino Mass and Mixing from SuperKamiokande 201Cherenkov detetor and a �ne-grained detetor, whih in turn onsists of thesintillating �ber detetor [19℄, sintillation ounters, a lead-glass ounterand a muon range detetor [20℄.The results on the event rates with 100 days of data taken from June 1999to June 2000, orresponding to 2:29 � 1019 protons on target are desribedin Ref. [21℄. Here we report the results based on the data olleted until theend of Marh 2001, using the beam of 3:85 � 1019 protons on target [23℄.4.1. Event ratesThe sample of K2K neutrino events in SuperKamiokande is olletedapplying the same proedure as that for atmospheri neutrinos and requiringa time orrelation with the beam. The beam pulses our every 2.2 se witha duration of 1:1�se. The seletion of the orrelated events is done o�-lineand is based on the time di�erene between the neutrino beam spill and eahSK event using the Global Positioning System (GPS) [22℄.
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202 D. Kieªzewskasion of the entral bins of the upper plot. Taking into aount an expetedauray of < 0:2�se of the absolute time determination, the distributionis in exellent agreement with the beam pulse width.The peak onsists of 44 fully ontained interations in Fiduial Volume(FV) of the inner detetor. The details of the sample are shown in Table IVtogether with the numbers of events expeted in eah ategory for non os-illating neutrinos and osillations with maximum mixing and various �m2.TABLE IVNumber of observed and expeted events in Super Kamiokande.Events Events expetedobserved �m2(�10�3 eV2)No osillations 3 5 7FC 22.5 kt 44 63:9+6:1�6:6 41:5� 4:7 27:4� 3:1 23:1� 2:6Single traks 26 38:4� 5:5 22:3� 3:4 14:1� 2:2 13:1� 2:0�-like 24 34:9� 5:5 19:3� 3:2 11:6� 1:9 10:7� 1:8e-like 2 3:5� 1:4 2:9� 1:2 2:5� 1:0 2:4� 1:0Multi traks 18 25:5� 4:3 19:3� 3:4 13:3� 2:3 10:0� 1:8To predit the event rate at the far site we use a normalization measure-ment of the rate at the near site and an extrapolation of the informationabout the beam from near to far site. For the rate normalization the datafrom the 1kton detetor are taken so that any detetor or analysis systemat-is are redued. The extrapolation is based on the beam simulation, whihis validated by measurements of pion kinematis in the deay hannel.The results shown in the Table are not yet onlusive, but the numberof observed events is by 2� smaller than expeted without osillations.4.2. Energy spetrumAs the sample of neutrino interations in SK assoiated with the KEKbeam is getting larger, the energy distribution an be ompared with theneutrino spetrum at prodution.The distribution of parent neutrino energy is shown in Fig. 9 for thesample of 24 single trak muons observed in SK. It is derived from themuon momenta and their angle with respet to the known neutrino dire-tion assuming that most of them are produed in quasi-elasti interations,��N ! �N 0. The histogram shows the predition obtained by the beamsimulation in ase of no osillations. An observed distortion at low energiesis onsistent with the �m2 values obtained from atmospheri neutrinos.



Results on Neutrino Mass and Mixing from SuperKamiokande 203More qualitative onlusions will be made after the studies of systematialerrors are ompleted. Large samples of interations in the near detetors areurrently under study for this purpose.
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204 D. Kieªzewska5.1. SuperKamiokande dataThe data aumulated during 1258 days (77.5 kton-years) were reentlypublished in Ref. [29℄ so here we give a brief summary of the results.Solar neutrinos are observed in SK via elasti neutrino�eletron satter-ing in water: �e + e� �! �e + e� : (7)Due to kinematis of the reation the eletron follows the neutrino dire-tion. Therefore the angle between reonstruted eletron diretion and theurrent diretion away from the Sun an be used to separate solar neutrinointerations from bakground events.As a result 18464�204(stat.)+646�554(syst.) signal events above 5 MeV reoileletron energy have been seleted. This is only 45:1�0:5(stat.)+1:6�1:4(syst.)%of the predition based on SSM of Ref. [31℄. Assuming the 8B spetrumshape of eletron neutrinos the integrated �ux over all energies is(2:32 � 0:03(stat.)�0:08(syst.))�106=m2/se.If resonant interation in matter (MSW e�et [16℄) e�et in the solarmatter is responsible for a �e ! �x transition, then for a range of osillationparameters the �x ! �e proess may our in the Earth, leading to aregeneration of the eletron neutrinos and an inrease of the signal duringnights. The measured day�night asymmetry is:2(day � night)day+ night = �0:033 � 0:022(stat.) � 0:013(syst.)i.e. there is no signi�ant e�et.A modulation of the well known spetrum of neutrinos from 8B deaywould be a lear signal of neutrino osillations. However the measured energydistribution is onsistent with no spetral distortion.5.2. SNO dataElasti sattering o� eletrons (7) an proeed via both CC and NCinterations and therefore SK events an be aused by a mixture of �e, ��and �� neutrinos.The Cherenkov detetor in Sudbury Neutrino Observatory is �lled withheavy water and loosely bound neutrons make it possible to measure pure CCinterations: �e+d! e�+p+p. The SNO Collaboration published reentlyinitial results of �ux measurements [30℄ and found a signi�ant de�it of solar�e. The �e �ux integrated over energy assuming the 8B neutrino spetrumshape is: 1:75� 0:07 (stat:)+0:12�0:11 (syst:)� 0:05 (theor:)� 106 m�2s�1 whihis more than 3� smaller than the 8B �ux measured by SK. The di�erene



Results on Neutrino Mass and Mixing from SuperKamiokande 205is interpreted as a model independent indiation of a non-eletron �avoromponent in the solar neutrino �ux. When it is asribed to interationsof ��� with 8B spetrum their integrated �ux is 3:7 � 1:1 � 106 m�2s�1.The sum of all ative neutrinos turns out to be very lose to preditions ofstandard solar models. 5.3. Osillation analysisThe disrepany between SSM and the �ux measurements may be ex-plained by osillation of eletron neutrinos �e $ �x into another neutrinotype, whih interats in the detetor with muh smaller ross setion. Inpartiular �� and �� of a few MeV an only satter on eletrons via NCand hene their detetion rate is muh smaller. Another possibility is anosillation into a sterile neutrino.If the Æm2 between dominant omponents of �e and �x is very small(< 10�9eV2) then the �avor onversion ours in �vauum� during the �etravel from the Sun to Earth. If Æm2 is larger, then the MSW resonantenhanement auses a �avor transformation in the dense solar matter.As a real-time solar neutrino experiment, SK an measure the diretion(or zenith angle) to the Sun and onsequently a neutrino pathlength throughEarth for every event. The large statistis aumulated by SK allow to mea-sure reoil energy distributions in several bins of the zenith angle. Thesedata strongly onstrain the osillation parameters and allow for a �ux inde-pendent osillation analysis. The results of the 1258 day sample have beenpublished in Refs. [33℄.It is shown that due to lak of a signi�ant spetrum distortions andzenith angle dependene, �vauum� solutions and small mixing angles aredisfavored. Also the �e $ �sterile transitions do not �t well to the data.The SNO �e �ux measurements enhane the preferene for large mix-ing angle solutions. In Fig. 10 the results of a global 2-�avor osillationanalysis are shown [34℄. The data used for this analysis onsist of eventrates measured in Homestake hlorine experiment [24℄, the gallium exper-iments: Gallex [26℄, SAGE [25℄ and GNO [27℄, �uxes from SNO and SKas well as SK spetra and zenith angle distributions. The �gure shows theregions of parameters allowed for transitions between �e and a superpositionof ��, �� states (�e $ ��� ) at various on�dene levels. It is seen that at95% .l. the only aepted solution is the so alled LMA with Æm2 between3� 10�5 eV2 and 2� 10�4 eV2 and tan2 � between 0.2 and 0.7.
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Fig. 10. Regions of aepted osillation parameters using the event rates of all thesolar neutrino experiments as well as spetra and zenith angle distributions fromthe SuperKamiokande. 6. SummaryInreased samples of atmospheri neutrino interations on�rm the ear-lier results showing the evidene for muon neutrino osillations.The best interpretations of the data is in terms of �� $ �� �avortransformation with maximal mixing and �m2 of 0.003 eV2, when mix-ing between all 3 neutrino �avors is taken into aount. However errorsallow for the �m2 values in a wide range from 0.001 eV2 to 0.006 eV2 (at90% .l.). Results of searhes for �� appearane have provided a positive sig-nal only at 2 sigma level but they are onsistent with the �� $ �� maximalmixing senario.Additional support for �� osillations and the above �m2 range of valueshas been reently provided by the data from the K2K experiment. By itselfthe signal is only at 2 sigma level, but the initial neutrinos are better de�nedand their pathlength known very preisely.



Results on Neutrino Mass and Mixing from SuperKamiokande 207The reent solar data obtained by SNO Collaboration leared signi�-antly the old puzzle of �e de�it. When ombined with the SK data theystrongly suggest that �e osillates to a ��� ombination of states. This resultis independent of solar models. Moreover the best �ts to all the existing dataare obtained for large mixing, tan2 � > 0:2, and Æm2 larger than 3�10�5 eV2with the �avor transformation enhaned by matter e�ets inside the Sun.All the experimental data overed in this report show that neutrinosare massive (at least one � mass is larger than 0.04 eV) and the StandardModel needs to be extended. Moreover maximal mixing interpretations ofboth atmospheri and solar data provide us with a puzzle of quite di�erentstrutures of lepton and quark setors. In order to understand better anorigin of the di�erenes one needs further and more preise measurementsof full neutrino mass and mixing matries.The near future should abound in data from new detetors. The SNOCollaboration has already started to ollet the data with salt added toheavy water and thus making it possible to study another NC reation,�x + d ! �x + n + p. Soon Borexino [35℄ and KamLAND [36℄ should beoperational. Borexino will hopefully measure the solar � spetrum down to250 keV and KamLAND studies of reator antineutrinos should be sensitiveto large mixing at Æm2 > 10�5 eV2.Several new long-baseline experiments are dediated to investigate the�� $ �x osillations observed in atmospheri neutrinos, using the aeler-ator beams. The MINOS experiment [37℄ will use the Fermilab intense ��beam. At CERN the �� beam will be direted to Gran Sasso, where 2 dete-tors: ICARUS [38℄ and OPERA [39℄ are designed to observe �� appearane.Moreover �rst data are soon expeted from the Mini�Boone experiment[40℄, whih should on�rm or refute the LSND results [41℄ indiating possible�� $ �e osillations in themass2 di�erene above 1 eV2, i.e. at muh highersale than disussed in this paper.The SuperKamiokande detetor has been seriously damaged reently,ausing an unexpeted break in the operation of SK and K2K experiments.At the moment it is hoped that the SK will be rebuilt, most likely with asmaller PMT density, whih should not be detrimental to studies of atmo-spheri neutrinos and K2K.The SuperKamiokande and K2K experiments are supported by theJapanese Ministry of Eduation, Siene, Sports and Culture and the UnitedStates Department of Energy. The author gratefully aknowledges the sup-port of the Polish State Committee for Sienti� Researh (KBN) undergrant no 5P0309520. The author is thankful to the organizers for kind invi-tation and hospitality extended to her at the workshop.



208 D. KieªzewskaREFERENCES[1℄ Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).[2℄ Y. Fukuda et al., Phys. Lett. B433, 9 (1998).[3℄ Y. Fukuda et al., Phys. Lett. B436, 33 (1998).[4℄ T. Kajita, Y. Totsuka, Rev. Mod. Phys. 73, 85 (2001).[5℄ J.G. Learned, hep-ex/0007056.[6℄ D. Kieªzewska [SuperKamiokande and K2K Collaborations℄, Ata Phys. Pol.B31, 1181 (2000).[7℄ D.E. Groom et al., Eur. Phys. J. C15, 1 (2000).[8℄ M. Honda et al., Phys. Lett. B248, 193 (1990); Phys. Rev. D52, 4985 (1995);Prog. Theor. Phys. Suppl. 123, 483 (1996).[9℄ G. Barr et al., Phys. Rev. D39, 3532 (1989); V. Agrawal et al. Phys. Rev.D53, 1314 (1996).[10℄ G. Battistoni et al., Astropart. Phys. 12, 315 (2000).[11℄ Y. Fukuda et al., Phys. Rev. Lett. 82, 2644 (1999).[12℄ Y. Fukuda et al., Phys. Lett. B467, 185 (1999).[13℄ M. Apollonio et al., Phys. Lett. B420, 397 (1998); Phys. Lett. B466, 415(1999).[14℄ M.D. Messier, PhD thesis, Boston University 1999.[15℄ K. Ishihara, PhD Thesis, University of Tokyo, De. 1999.[16℄ S.P. Mikheev, A.Y. Smirnov, Sov. Journ. Nul. Phys. 42, 913 (1985); NuovoCim. 9C, 17 (1986); L. Wolfenstein, Phys. Rev. D17, 2369 (1978).[17℄ S. Fukuda et al., Phys. Rev. Lett. 85, 3999 (2000).[18℄ for more details see T. Toshito [SuperKamiokande Collaboration℄,hep-ex/0105023.[19℄ A. Suzuki et al., Nul. Instrum. Methods Phys. Res. A453, 165 (2000).[20℄ T. Ishii et al., hep-ex/0107041.[21℄ S.H. Ahn et al. [K2K Collaboration℄, Phys. Lett. B511, 178 (2001).[22℄ H.G. Berns, R.J. Wilkes. IEEE Trans. Nul. Si. 47, 340 (2000).[23℄ for more details see J.E. Hill [K2K Collaboration℄, hep-ex/0110034.[24℄ B. Cleveland et al. [Homestake Collaboration℄, Astrophys. J. 496, 505 (1998).[25℄ V. Gavrin [SAGE Collaboration℄, Nul. Phys. B (Pro. Suppl.) 91, 36 (2001).[26℄ W. Hampel et al. [Gallex Collaboration℄, Phys. Lett. B447, 127 (1999).[27℄ E. Bellotti [GNO Collaboration℄, Nul. Phys. B (Pro. Suppl.) 91, 44 (2001);M. Altmann et al., Phys. Lett. B490, 16 (2000).[28℄ Y. Fukuda et al. [Kamiokande Collaboration℄, Phys. Rev. Lett. 77, 1683(1996).[29℄ S. Fukuda et al. [SuperKamiokande Collaboration℄, Phys. Rev. Lett. 86, 5651(2001).



Results on Neutrino Mass and Mixing from SuperKamiokande 209[30℄ Q.R. Ahmad et al. [SNO Collaboration℄, Phys. Rev. Lett. 87, 071301 (2001);[31℄ J.N. Bahall, M.H. Pinsonneault, S. Basu, Astrophys. J. 555, 990 (2001).[32℄ A.S. Brun, S. Turk-Chieze, P. Morel, Astroph. J. 506, 913 (1998).[33℄ S. Fukuda et al., Phys. Rev. Lett. 86, 5656 (2001).[34℄ for details see: M.B. Smy, [SuperKamiokande Collaboration℄,hep-ex/0106064; M.B. Smy hep-ex/0108053.[35℄ G. Alimonti et al. [Borexino Collaboration℄, Astropart. Phys. 16, 205 (2002).[36℄ A. Piepke [KamLAND Collaboration℄, Nul. Phys. B (Pro. Suppl.) 91, 99(2001).[37℄ S.G. Wojiki [MINOS Collaboration℄, Nul. Phys. B (Pro. Suppl.) 91, 216(2001).[38℄ F. Arneodo et al. [ICARUS Collaboration℄, hep-ex/0103008.[39℄ see http://operaweb.web.ern.h/operaweb/index.shtml[40℄ see http://www-boone.fnal.gov/[41℄ C. Athanassopoulos et al., Phys. Rev. C58, 2489 (1998); C. Athanassopouloset al., Phys. Rev. Lett. 81, 1774 (1998).


