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Vol. 31 (2000) ACTA PHYSICA POLONICA B No 6
EXPERIMENTAL RESULTS ON NEUTRINOOSCILLATIONS USING ATMOSPHERIC, SOLARAND ACCELERATOR BEAMS�Danuta Kieªzewskafor the SuperKamiokande and K2K CollaborationsInstitute for Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, Polandand Physis Department, University of CaliforniaIrvine, CA 92697, USAe-mail: danka�fuw.edu.pl(Reeived May 12, 2000)The innermost serets of the mysterious neutrino are being revealedin underground detetors. Reent data on atmospheri neutrinos, primar-ily from the Super-Kamiokande experiment, on�rm the neutrino �avormixing and non-zero masses. The high preision measurement of angulardistribution allows to determine the value of �m2 between 0:0013 eV2 and0:0054 eV2 at 90% .l. Studies of up�down asymmetries in di�erent eventsamples indiate that �� $ �� osillations are more likely explanation ofthe data than �� $ �s. The de�it of the observed solar neutrino �ux om-pared to the preditions of the standard solar model, often interpreted byneutrino osillations, is further studied in the SuperKamiokande detetor.The energy spetrum is measured above 5.5 MeV for the Sun's positionsabove and below the horizon. A day�night e�et is observed at a statistialsigni�ane of 2 �. The K2K (KEK to Kamioka) is the �rst long-baselineneutrino-osillation experiment. During runs in 1999 the �rst 3 events wereobserved in the SuperKamiokande detetor aused by neutrinos produedat the KEK aelerator at a distane of 250 km. The predited number ofevents without any osillations is 12.3+1:7�1:9 .PACS numbers: 14.60.Pq, 14.60.St, 95.55.Vj, 96.40.Tv

� Presented at the Craow Epiphany Conferene on Neutrinos in Physis andAstrophysis, Craow, Poland, January 6�9, 2000.(1181)



1182 D. Kieªzewska1. IntrodutionAtmospheri neutrinos are produed by osmi rays in the Earth's upperatmosphere. As a result of a power-law momentum spetrum of primaryosmi rays the neutrinos have mostly energies of a few GeV. They arisemainly from the deay hain � ! ���; �! e�� �e and thus at low energiesthey are omposed of muon and eletron �avor at a proportion of 2:1.Preditions of the absolute �ux of atmospheri neutrinos [1�3℄ su�erfrom fairly large unertainties of the input ingredients of the alulations,mainly the primary osmi ray �ux and hadroni interations. However, theratio of muon to eletron �avor ontent is alulated with an error of lessthan 5%. The measurements of this ratio over last deade indiated a de�itof muon neutrinos [4�6℄ but systemati unertainties in models of neutrinointerations prevented an unique interpretation of the e�et. Kamiokandeollaboration also observed an angular modulation of the ratio albeit witha small statistis [7℄.Muh larger samples olleted in SuperKamiokande (SK) detetor al-lowed for more robust, model independent evidene for �� $ �x osillationsbased on the observation of up�down angular asymmetry. The results havebeen published in [8�10℄. Angular distributions have also been studiedwith di�erent experimental tehniques by MACRO [11℄ and SOUDAN [6℄ollaborations.The probability of �avor onversion in a simple two-�avor mixing shemeand for neutrino propagation in vauum isPi!f = sin2 2� sin�1:27�m2(eV2)L(km)E�(GeV) � ; (1)where �m2 denotes the di�erene of squares of masses of the states rotatedby the angle � with respet to the weak-interation states and L is theneutrino pathlength.The distanes traveled by neutrinos from their prodution point in theatmosphere to a detetor range from about 10 km for neutrinos produeddiretly overhead, to �13000 km for neutrinos produed at antipodes. Theattenuation of the �ux of neutrinos passing the Earth is insigni�ant andso studies of angular distributions allow for sensitive tests of the neutrinoosillation hypothesis.Atmospheri �� neutrinos an be studied in the energy range from 0.2 GeVup to � 100 GeV. However at higher energies only upward-going neutrinosan be separated from the bakground of osmi ray muons. Hene thesensitivity range of the ratio L=E� extends from about 1 km/GeV for thedownward-going few-GeV neutrinos to about 6�104 km/GeV for the upward-



Experimental Results on Neutrino Osillations Using Atmospheri : : : 1183going neutrinos of the lowest energies. Consequently the experiments anbe sensitive to �m2 in the range from 10�5 eV2 to 1 eV2.A summary of the results obtained by various experiments as well as thedetails of the analysis of the 990 day SK sample are given in Se. 2.Formula (1) implies that solar neutrinos with muh larger L=E� ratioallow to probe muh smaller range of �m2. Moreover a resonant enhane-ment of osillations (MSW e�et [14℄) in dense matter of the solar ore makesexperiments sensitive to muh smaller mixing angles.Signi�ant de�it of eletron neutrinos arriving from the Sun has beenreported by four di�erent experiments [15�18℄. No Standard Solar Model[19, 20℄ modi�ations are able to explain the observed event rates. The realtime observation of solar �'s in SK o�ers a possibility to test the �e $ �xosillation hypothesis in a model-independent way by looking for a distortionof the reoil energy spetrum [21℄ with respet to the shape expeted fromthe deay 8B �!8Be� + e+ + �e:Another e�et whih ould reveal new physis of neutrinos is a possible re-generation of �e �ux in their passage through the Earth ore due to MSW ef-fet. Hene the measurements are done separately during day and night [22℄.The updated results of a 825 day sample of solar neutrinos olleted in SKwill be disussed in Se. 3.The K2K experiment [24℄ is the �rst long-baseline neutrino-osillationexperiment using an arti�ial neutrino beam. Almost a pure �� beam from�+ deays is generated in the KEK 12-GeV/ Proton Synhrotron, and neu-trino events are deteted in the SuperKamiokande detetor 250 km away.The experiment is able to probe the �� $ �x osillation parameters whihexplain the atmospheri � anisotropy. The �rst results are desribed inSe. 4. 2. Atmospheri neutrinos2.1. DetetorsStatistially signi�ant samples of atmospheri neutrinos have been ol-leted in the SuperKamiokande [9, 10℄, MACRO [11℄ and SOUDAN [6℄ un-derground detetors. Their properties are summarized in Table I.Ative elements of the MACRO detetor are streamer tube hambersused for traking and liquid sintillator ounters for the time measurements.The lower half of the detetor is �lled with trays of rushed rok absorberalternating with streamer tube planes, while the upper part is open. Themuon diretion is determined by the time-of-�ight between two out of threeexisting layers of sintillator ounters.



1184 D. Kieªzewska TABLE IDetetors of atmospheri neutrinosSuperKamiokande MACRO SOUDAN 2[9,10℄ [11℄ [6℄Loation Japan Italy USAGran SassoTehnique water traking trakingCherenkov alorimeter alorimeterDepth (m.w.e) &2700 &2700 2100Dimensions 41 m �39 m � 77� 12� 9 m3 16� 8� 6 m3Total mass 50 kt 5.3 kt 0.963 ktExposurea 61 kt-yr 16.8 kt-yr 4.6 kt-yrEvent samples ontained partially ont. fully ont.up-muons up-muonsa Exposure is a produt of �duial volume and live time for ontained events.The SOUDAN 2 detetor is a �ne-grained gas traking alorimeter on-sisting of 224 modules. The iron sheets 1.6 mm thik are interleaved withplasti drift tubes of 1.3 m diameter. The detetor is surrounded by ativeshield to tag events assoiated with osmi ray muons passing lose to thedetetor.The SuperKamiokande experiment is a large water Cherenkov detetorloated in Mozumi, Japan. Its total mass of ultra-pure water is 50 kton,divided into two onentri ylinders: an inner volume with its inside sur-fae overed by 11146 inward-looking 50 m photomultiplier tubes, and anouter volume serving as entering partile shield and veto with 1885 outward-looking 20 m phototubes. The �duial mass of the inner volume (2 m awayfrom the walls) is 22.5 kton. The data taking started in April 1996.2.2. Event ategoriesAs a result of a power-law momentum spetrum of primary osmi raysthe neutrinos have mostly energies around 1 GeV. In a large undergrounddetetor they give rise to the interations ourring inside the �duial volumeof the detetor, alled ontained events. The events are alled fully ontained(FC) if harged produts do not leave the inner detetor volume, otherwisethey are lassi�ed as partially ontained (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 a hane to study high energy neutrinostaking into aount interations ourring in the rok outside of the detetor



Experimental Results on Neutrino Osillations Using Atmospheri : : : 1185with muons entering the detetor �duial volume. Due to the large bak-ground of the downward-going osmi ray muons the neutrino-indued eventsan be seleted only if they produe upward-going muons. The upward-goingmuons an either traverse the entire detetor (�through-going�) or stop insideof it.The neutrino energies for di�erent event ategories in SuperKamiokandeare displayed in Fig. 1. Details of the event seletion and reonstrution aredesribed elsewhere [9, 10, 12, 13, 25℄.

Fig. 1. Energy distribution of parent neutrinos that produe event ategories of theSuperKamiokande sample desribed in the text.2.3. Contained eventsAt energies of a few GeVs the neutrino interations are dominated byquasi-elasti proesses �N1 ! l�N2 or one pion prodution �N1 ! l�N2�with low energy pions. It is then possible to determine neutrino �avor onthe basis of the harged lepton l� �avor. An identi�ation of the latter ispossible beause eletrons develop eletromagneti showers, with subsequentgenerations of lower energy eletrons undergoing a substantial multiple sat-tering. In the SuperKamiokande and the �ne grain SOUDAN 2 detetor theyan be quite easily separated from the muons.



1186 D. KieªzewskaThe measured �avor ratio is onventionally ompared to expetation asthe �ratio of ratios�, R, de�ned asR = (N�=Ne)DATA(N�=Ne)MC ; (2)where N� and Ne are numbers of �-like and e-like events for data and MC.The �-like ategory ontains also harged pions, while e-like events inlude's and �0's. Thus a transformation from R de�ned above to ratios of theneutrino �avors entails ertain model dependene, beause a small fration ofevents (mostly e-like) are due to neutral urrent interations. The resultingunertainties are inluded in systemati errors. For no osillations, R isexpeted to be 1. However, R is signi�antly smaller than 1 for a variety ofdata sets olleted in di�erent detetors.Table II displays statistis available in di�erent ategories of ontainedevents reorded in all three detetors. They orrespond to the exposuresshown in Table I. TABLE IIContained events used for studies of the neutrino �avor ratioSuperKamiokande MACRO SOUDANSub-GeV Multi-GeVData MC Data MC Data MC Data MCSingle trak:e-like 2185 2082 492 481 168 160.6�-like 2178 3137 421 640 111 170.5PC �-like 563 819 116a 202R 0:66� 0:06 0:66� 0:09 0:57� 0:16b 0:68� 0:11a only upward-going muonsb here R is de�ned as Data/MCIn the MACRO experiment the information from the layers of time-of-�ight sintillators determines whether a partile is going up or down andthus only partially ontained events are seleted. Beause the diretionalinformation is missing in the SOUDAN data, only the fully ontained eventsare used for the �avor analysis. Aording to MC simulations 98% of PCevents in SuperKamiokande are due to �� harged urrent interations. InMACRO about 13% of PC events are due to either neutral urrents or �e.



Experimental Results on Neutrino Osillations Using Atmospheri : : : 11872.3.1. Angular distributions of single ring eventsAt 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. In what follows os� = �1 orresponds to upward-going neutrinosand os� = +1 orresponds to downward-going. Angular distributions fordi�erent event ategories are ompared with MC simulations in Fig. 2. Ade�it of muon neutrinos passing through the Earth is learly seen, whilethe observed angular distribution of e-like events agrees in shape with sim-ulations.
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Experimental Results on Neutrino Osillations Using Atmospheri : : : 1189On the other hand in the two-�avor mixing sheme onsidered here thesole �� $ �etransformation is exluded with �2=d:o:f:=110=67 (P < 0:1%).2.3.2. East�west e�etCosmi rays of a few GeV are de�eted by the geomagneti �eld thusa�eting the neutrino diretions. The uto�s for protons hitting the atmo-sphere from the east are higher than for the diretions from the west. Thisazimuthal anisotropy is essentially insensitive to the osillation e�ets, whihdepend on neutrino pathlengths determined by zenith but not azimuth angle.Large statistis available in SuperKamiokande make it possible to study thismodulation. Events are seleted with higher energies when harged leptondiretions are well enough orrelated with that of the parent neutrinos.To hek the reliability of both the experimental results and the at-mospheri neutrino �ux alulations, a sample has been seleted of nearlyhorizontal single ring events (jos�j < 0:5, where � is zenith angle) withmomentum between 400 and 3000 MeV/.Fig. 4 shows the azimuthal distribution for both e-like and �-like events,along with two �ux preditions [1, 3℄. The expeted de�it from the Eastis observed. This analysis has been desribed in detail in Ref. [26℄ for anearlier sample of data.
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1190 D. KieªzewskaThe agreement between the data and alulations provides some evidenethat geomagneti e�ets are orretly aounted for in the �ux preditions.Note also that the Earth magneti �eld auses an up�down asymmetry whihis on�ned to energies below 1 GeV and its sign is opposite to the e�etdisplayed by the data in Figs. 2 and 3.2.4. Upward-going muonsThe upward-going muon sample makes it possible to probe higher neu-trino energies (f. Fig. 1). With an interation point outside of the detetorthe event energy annot be measured. However a relative rate of stopping tothrough-going events ompared to MC expetations provides an independentinformation about energy dependene of the osillations. In the SK 900 daysample the ratio of stopping to through-going muons, R= 0:236�0:018+0:013�0:011has been obtained, signi�antly smaller than the expeted R= 0:37 � 0:05for both Bartol and Honda �ux alulations.Available statistis of up-going muons in the SuperKamiokande andMACRO detetors are shown in Table III. TABLE IIIUpward-going muonsSuperKamiokande MACROLive time Data MC Live time Data MCThrough-going 2.53 yr 1021 1183 4.5 yr 607 825Stopping 2.47 yr 228 416 4.1 yr 193a 274a The sample inludes also partially ontained downward-going muons.In the high energy events the muon diretion is very well orrelated withthat of a parent neutrino. Fig. 5 shows the �ux of through-going muonsand the relative fration of stopping upward muons as funtions of zenithangle (SK 1050 day sample). They are ompared with orresponding MCpreditions using the Bartol neutrino �uxes [12℄.The �2 analysis desribed above for the ontained single-ring sample hasbeen extended to inlude 15 additional angular bins for upward-going muons.For �� $ �� osillation hypothesis this ombined analysis provided the best-�t parameters: sin2 2� = 1:0 and �m2 = 2:8 � 10�3 eV2, with �2=d:o:f: =61:1=82. The aeptable osillation parameters at di�erent on�dene levelsare delineated by the ontours in Fig. 6. More details on the analysis anbe found in Ref. [27℄.
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99% C.L.Fig. 6. Allowed regions for parameters of �� $ �� osillations using om-bined information from the ontained events and upward-going muons in theSuperKamiokande detetor.



1192 D. KieªzewskaFigure 7 ompares the preisions with whih di�erent experiments andetermine the �� $ �� osillation parameters. The SK statistis allows torestrit signi�antly the allowed regions of the parameters whih �t the data.It is very reassuring that MACRO and SOUDAN data, whih have beenolleted using di�erent tehniques, support the SuperKamiokande result.
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Fig. 7. Parameters of the �� $ ��osillations onsistent at 90% .l. with data ofSuperKamiokande, MACRO and SOUDAN 2.2.5. Do muon neutrinos osillate into �� or �s?The up-down asymmetry of the ontained single-trak sample (Fig. 3)an be well reprodued by both �� $ �� and �� $ �s osillations. In orderto disriminate between those two hypotheses the following two approahesare possible.First one an try to selet a sample of neutral urrent (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 handthe sterile neutrinos by de�nition do not interat by the known eletro-weakproesses and therefore one would expet a redued rate of NC events inase of �� $ �s osillations. However, a seletion of a pure NC sampleis generally di�ult in a water Cherenkov detetor. One hannel whih isexperimentally feasible is �N ! �N�0. However, the ross setion for thishannel is known too poorly at this stage to make this approah e�etive.In order to avoid problems with ross setions one should study an up�down asymmetry. On the basis of a simulated sample a set of uts has been



Experimental Results on Neutrino Osillations Using Atmospheri : : : 1193determined whih enhanes a ontribution of NC interations among multi-ring events of the SK data. Figure 8 displays the zenith angle distributionfor a sample whih onsists of 44% of �e CC, 27% of �� CC, 7.4% of �e NCand 21.3% of �� NC interations. The data are ompared with expetationsfor both �� $ �� and �� $ �s. It is seen that the �� $ ��osillations �tbetter the data.  
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1194 D. KieªzewskaThe e�et is thus stronger for higher neutrino energies and thereforesamples of PC events and upward-going muons are more suitable for thisstudy. The zenith angle distributions for both samples are displayed inFig. 9, where the data are ompared with expetations for both �� $ �� and�� $ �s. The statistis are very limited but one an see that �s hypothesisis again less likely.
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Experimental Results on Neutrino Osillations Using Atmospheri : : : 1195One an ombine the results from the three independent data samples inorder to �nd out the on�dene levels for di�erent mixing parameters. Theyare shown in Fig. 10.
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Fig. 11. Angular distribution of eletrons with respet to the diretion of the Sun.The `solar peak' at os �� = 1 above the bakground is used to measure the solar8B neutrino �ux and spetrum.the 8B spetrum shape the �ux is (2:45�0:04(stat.)�0:07(syst.))�106=m2=se.It is signi�antly lower than expeted from the BP98 [19℄ Standard SolarModel (SSM). The ratio is DataSSMBP98 = 0:475+0:008�0:007(stat.)� 0:013(syst.).The disrepany between SSM and the �ux measurement 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 muon and tau neutrinos of a few MeV satter on eletrons onlyvia NC and hene their detetion rate is muh smaller. Another possibilityis an osillation into a sterile neutrino.If the �m2 between dominant omponents of �e and �x is very small(< 10�9eV2) then the �avor onversion ours in �vauum�, when �e travelsfrom the Sun to Earth. If �m2 is larger, then the MSW resonant enhane-ment auses a �avor transformation in the dense solar matter.SuperKamiokande allows to look for a de�nite evidene of the osilla-tion hypothesis, in a model-independent way. In partiular any di�erenebetween day and night �uxes, unexpeted seasonal �ux variation or a mod-ulation of eletron energy spetrum would provide a more onvining proofof a new neutrino physis.



Experimental Results on Neutrino Osillations Using Atmospheri : : : 11973.1. Day�night e�etIf the MSW e�et in the solar matter is responsible for a �e ! �x tran-sition, then for a range of osillation parameters the �x ! �e proess mayour in the Earth, leading to a regeneration of the eletron neutrinos andan inrease of the signal during nights.The measured day�night asymmetry is:2(day � night)day+ night = �0:065 � 0:031(stat.) � 0:013(syst.)i.e. an e�et of 2� statistial signi�ane. The event rate distribution asa funtion of the zenith angle of the urrent Sun position is presented inFig. 12.Constraints on neutrino osillation parameters resulting from the obser-vation are disussed in [17, 22℄.
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Fig. 12. Normalized neutrino rate as a funtion of the zenith angle of the Sun'sposition. The bins are de�ned in the �gure.3.2. Solar neutrino spetrumAlthough the SuperKamiokande measures the energy spetrum of reoileletrons, its shape diretly re�ets the shape of the spetrum of inomingneutrinos (f. reation 4). Preision energy alibration have been done [21℄with various soures, in partiular using an eletron linear aelerator pro-viding a tunable energy ranging from 5 to 16 MeV. The unertainty in theenergy sale is estimated to be �0:8%, while the energy resolution is betterthan 2%.



1198 D. KieªzewskaThe event rates are determined in 0.5 MeV energy bins using for eahbin the distributions of �� and extrating a solar peak as in Fig. 11. Below6.5 MeV a bakground due to radioative impurities inreases sharply withdereasing energy. A new Super Low Energy (SLE) analysis was designedto rejet these bakgrounds more e�iently. Currently, the SLE analysisthreshold is at 5.5 MeV.A onvenient way to searh for spetral distortions is to divide the ob-served spetrum by the energy spetrum of simulated eletrons based on theSSM BP98 neutrino �ux expetations (see Fig. 13). Thus the experimentalenergy resolution is taken into aount. The unertainties at the end of thespetrum are dominated by limited statistis. The �2 for a �at normalizeddistribution is 24.3/17, orresponding to 11% .l.
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Experimental Results on Neutrino Osillations Using Atmospheri : : : 1199Aording to the SSM Hep neutrinos ontribution is very small but its �uxis highly unertain and extends to 18.8 MeV. Therefore a �t was done to thespetrum shape with relative ontribution of Hep �ux as a free parameter.As shown in the �gure an inrease in the Hep �ux of a fator of 16 withrespet to the SSM �ts best the data.Clearly more data are needed to solve the puzzle at the end of the spe-trum. The unertainty of the Hep �ux does not a�et lower energies. There-fore a large e�ort is now undertaken towards dereasing the threshold downto 5 or even 4.5 MeV.A �ux independent osillation analysis of the day and night spetra hasbeen performed by SK ollaboration. The applied �2 formalism is similarto the one desribed in Se. 2.3.1 and takes into aount various systematierrors. The details an be found in Ref. [17℄. Table IV ontains a few valuesof �2 for parameter regions whih best reprodue the �ux data of all theexperiments. TABLE IV�2 values from the SK day�night spetrum analysisSolution �m2 sin2 2� �2 �2eV2 SSM Hep Hep free35 d.o.f. 34 d.o.f.LMA 3:2� 10�5 0.8 47.3 42.2LOW 2:4� 10�7 1.0 47.5 42.0SMA 5� 10�6 0.005 53.3 51.2VO 4:3� 10�10 0.79 44.1 44.2no osil. 51.4 46.23.3. Seasonal variationSine the distane from the Sun to Earth hanges with a yearly yle,vauum osillations an ause a seasonal modulation of the neutrino �uxon top of the onventional r�2 �ux dependene (indiated with a solid linein Fig. 14). Interestingly, it has been pointed out in Ref. [30℄ that alsoMSW osillations an ause a seasonal �ux modulation, if a signi�ant �eregeneration ours in the Earth, whih obviously depends on how muhtime the Sun is under horizon.
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confidence level = 78.6%Fig. 14. The seasonal variation for the �ux above 6.5 MeV. The line aounts forthe variation expeted from the Earth orbit eentriity.4. K2K � the �rst long-baseline aelerator experimentThe K2K (for KEK to Kamioka) experiment uses a low-energy neutrinobeam produed at the KEK PS aelerator and 2 detetor installations: aset of front detetors to monitor the beam and the SuperKamiokande tostudy the e�ets of osillation 250 km away. The �� $ �x osillation an beexamined by a �� disappearane beause the energy of the neutrino beam issmaller than the � prodution threshold. The experiment sensitivity dependsthen on a preise determination of the original neutrino �ux as well as onthe measurement of an energy spetrum modulation.The �rst data obtained in 1999 runs are desribed in Ref. [23℄. Here webrie�y summarize the experiment design and the data.4.1. Neutrino beam and detetorsThe proton beam from the KEK synhrotron produes pions whih arefoused into a deay hannel by a pair of horn magnets (olletor and re-�etor). The momentum and angular distribution of pions is measured bya pion monitor (ring imaging gas Cherenkov ounter). Most of the muonsfrom �+ ! ���+ deays are stopped in the beam dump. A summary ofthe proton and neutrino beam properties are given in Table V. The beamis direted 1Æ downward towards the SuperKamiokande with an aurayof 1 mrad. Beause the absolute �ux and energy spetrum of the neutrinobeam are expeted to be almost onstant within 3 mrad, the adjustment ofthe neutrino beam diretion is su�ient.



Experimental Results on Neutrino Osillations Using Atmospheri : : : 1201TABLE VProperties of the proton and neutrino KEK beamsproton momentum 12 GeV/proton intensity 5.4 �1012 protons=pulseextration mode fast extrationbeam pulse duration � 1:1 �se for every 2.2 setarget 3m�� 65m aluminumdeay tunnel length 200 mmean �� energy 1.4 GeVpeak �� energy 1.0 GeV�e=�� � 1%�ux at 300m downstream 1.7 �1012�=m2 for 1020 p.o.t�ux at 250km downstream 1.3 �106�=m2 for 1020 p.o.tAording to MC simulations the beam width at front detetors is about4 m while it spreads out to 4 km at the SK distane.The front detetor situated 300 m downstream from the target inludesa 1 kt water Cherenkov detetor (1 kt) and a �ne-grained detetor (FGD),whih in turn onsists of the sintillating �ber detetor (SFT) [34℄, sintilla-tion ounters, a lead-glass ounter and a muon range detetor. A shematiview of the K2K front detetor is shown in Fig. 15.

Fig. 15. Front detetor in the K2K experiment



1202 D. Kieªzewska4.2. Event ratesThe K2K experiment was suessfully started in early 1999. A totalintensity of 7:20 � 1018 protons on target, whih is about 7% of the goal ofthe experiment, was aumulated in 39.4 days of data-taking in 1999.The seletion of neutrino events in SK is based on the time di�erenebetween the neutrino beam spill and eah event. Taking into aount theneutrino pulse duration (1:1�se) and auray of the absolute time deter-mination (< 0:3�se), events within a 1:5�se time window overing theneutrino beam period are seleted. A total of 12 events have been found,whih inludes 3 interations in �duial volume (FV) of the inner detetor.The remaining events ourred either outside of FV or in the outer detetor.Beause the expeted atmospheri neutrino bakground in FV within theintegrated neutrino beam time of 1.5 se is only 2� 10�4 events, the threeevents onsist a lear signal of neutrinos from KEK.The expeted event rates in SK (NSKexp) are obtained from MC simulationsresaled by the observed event rates NFDobs in the front detetors:NSKexp = NFDobs �NSKalNFDal ;where NSKal and NFDal are the alulated event numbers in SK and the frontdetetors, respetively, using the same simulation program.The results are summarized in Table VI. It is seen that the saling ratioNFDobs=NFDal is found to be 0:84 � 0:85 onsistently for three independentobservations. TABLE VISummary of event rates in front detetorsDetetor Fiduial Number NFDobs=NFDalmass (ton) of events1kt water Cherenkov 50.3 17672 0.84 � 0.08Sintillating �ber traker 5.94 662 0.85+0:08�0:09Muon hamber 445 56062 0.85 � 0.11The expeted number of events in SK is then 12.3+1:7�1:9 in 22.5 ktons ofFV, and �31 events in the total volume. Although the observed event ratesare onsiderably smaller than the expetations, more statistis are neededfor de�nitive statements.



Experimental Results on Neutrino Osillations Using Atmospheri : : : 12034.3. Energy spetrumTo determine the neutrino energy spetrum, quasi-elasti interations,��N ! �N 0, in the sintillating �ber traker are used. This sample isseleted beause most of the neutrino energy is transferred to the muonsand the muon energy an be measured from the range in the muon hamber.The neutrino energy an be diretly alulated from the muon energy witha small orretion related to the sattering angle of the muon. It should alsobe noted that quasi-elasti satterings are deteted as single ring events inSK, and an be easily analyzed.The muon energy distribution for quasi-elasti interations in the sin-tillating �ber traker is shown in �gure 16(a) along with expetations froma MC simulation. For a omparison, the expeted neutrino energy spetrumin SK is shown in �gure 16(b), together with the spetrum for two sets ofosillation parameters, �m2 = 0:01 eV2 and �m2 = 0:005 eV2.
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Fig. 16. (a) Muon energy spetrum obtained from the �ne-grained detetor, om-pared with MC simulations (histogram). (b) Expeted neutrino energy spetrumat SK. The dashed line is for �m2 = 0:01 eV2 and sin2 2� = 1, while the dottedline for �m2 = 0:005 eV2 and sin2 2� = 1.4.4. Future prospetsFrom January 2000 to Marh 2001, about 160 days of data taking aresheduled. If the data an be aumulated with 100% e�ieny, we willobtain a total intensity of 46 � 1018 p.o.t., and about 70 events should beobserved by the end of Marh 2001.



1204 D. KieªzewskaThe sensitive region of the neutrino osillation parameters for �� $ ��osillations is shown in �gure 17 for an assumed integrated � beam orre-sponding to 1020 p.o.t. It takes into aount the reent progress in the sim-ulation of neutrino beam, neutrino interations, and the detetor response.
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Fig. 17. K2K sensitive region of the neutrino osillation parameters, �m2 andsin2 2� for �� $ �� osillation. The allowed region by Kamiokande andSuperKamiokande as well as exluded (or sensitive) regions by other experimentsare also plotted in solid (dashed) lines.5. SummaryPreise measurements of angular distributions of atmospheri neutrinosin the SuperKamiokande detetor provide a lear evidene for muon neutrinoosillations. They imply that neutrinos are massive (at least one � mass islarger than 0.04 eV) and the Standard Model needs to be extended. Thisopens many areas of investigations whih should indiate the roads for theextension.The best interpretations of data is obtained for �� $ �� �avor trans-formation with maximal mixing and a (mass)2 di�erene of 0.0013 eV2 to0.0054 eV2. The evidene omes from the sample of ontained single ring



Experimental Results on Neutrino Osillations Using Atmospheri : : : 1205events, but is on�rmed by upward-going muon sample. The evidene andthe osillation parameters are supported by the results obtained with di�er-ent experimental tehniques by MACRO and SOUDAN ollaborations.Reent SK analysis of the PC and upward-going muon events have shownthat �� $ �s osillations do not reprodue the data as well as �� $ �� .Additional information an be expeted in the future from a sample of NCinterations: �l N ! �l �0 N 0, beause the K2K experiment gives a haneto improve our knowledge of pion prodution in water in order to reduesystemati errors.The real time nature of the SK solar � measurements o�ers a possibilityto study the �e $ �x osillation hypothesis in a model independent way.The day�night asymmetry was found di�erent from zero at 2 � level. Theenergy spetrum measurements are also inonlusive. The solar neutrinopuzzle has been ompliated by a large unertainty in the Hep neutrino�ux, whih underlines the neessity for still more preise measurements ofthe 8B neutrino spetrum, espeially at the lowest energies.The near future should abound in data from new detetors. The SudburyNeutrino Observatory (SNO) [31℄ has already started to ollet the data on8B neutrinos. It aims to measure a NC signal, whih would give a de�niteevidene of the osillations. In 2001 Borexino [32℄ and KamLAND [33℄should be operational. Borexino will hopefully measure the solar � spetrumdown to 250 keV and KamLAND studies of reator antineutrinos should besensitive to large mixing at �m2 > 10�5 eV2.Several long-baseline experiments are dediated to investigate the �� $�x osillations observed in atmospheri neutrinos, using the aeleratorbeams. The K2K experiment, the �rst of the series, has already olletedvaluable experiene and the �rst data. It will run for a few more years, butit's likely that it will provide an independent on�rmation of osillationswithin this year. The MINOS experiment [35℄ using the Fermilab intense�� beam will be operational in 2003, while in 2005 the CERN long-baselineneutrino program should start. The �� beam will be direted from CERN toGran Sasso, where 2 detetors: ICANOE [36℄ and OPERA [37℄ are designedto observe �� appearane.We an expet to know the full neutrino mixing and mass matries ina foreseeable future. Moreover, we an hope that mysterious neutrinos willsurprise us with more of serets of nature to reveal.The SuperKamiokande experiment is supported by the Japanese Min-istry of Eduation, Siene, Sports and Culture and the United States De-partment of Energy. The author gratefully aknowledges the support of thePolish State Committee for Sienti� Researh (KBN) by a grant number2P03B05316. The author is thankful to organizers for the kind invitationand the hospitality extended to her at the workshop.
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