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REVIEW ON NEUTRINO OSCILLATIONS�André RubbiaInstitut für Teilhenphysik, ETHZCH-8093 Zürih, Switzerlande-mail: andre.rubbia�ern.h(Reeived April 30, 1999)This artile summarizes the urrent status of neutrino osillations. Af-ter brie�y realling the theoretial framework of neutrino masses and mix-ing, we desribe in more details the experimental situation. The urrentthree experimental hints for osillations are summarized. We disuss insome details the negative searhes for �� ! �� osillations at high �m2.Then, the e�ets seen in LSND and in the solar and atmospheri neutrinosthat ould all be explained in terms of neutrino osillations are desribed.We also address with a brief overview on the future possibilities, in parti-ular the long baseline programmes, the solutions that will help larify andpossibly on�rm or disprove the urrent observed e�ets.PACS numbers: 13.15.+g, 14.60.Lm, 14.60.Pq, 14.60.St1. Introdution1.1. Theoretial overviewThe theoretial perspetive onerning neutrino masses has hanged on-siderably over the past 20 years. Before that time, there was no theoretialreason for neutrinos to have masses, whih was in aord with the strikingfat that the upper limits on their masses were muh smaller than those ofthe assoiated harged leptons. The experimental data was also suggestingthe onservation �laws� of lepton family number and total lepton number.Today, there are still no �rm theoretial preditions for neutrino massesor mixing matries but several experimental hints have been aumulatedover the years that ould indiate that neutrinos are indeed massive andexhibit the phenomenon of �avor osillation [1℄. This has led to a searhfor natural extension of the Standard Model whih ould inlude massive� Presented at the XXVII International Meeting on Fundamental Physis, SierraNevada, Granada, Spain, February 1�5, 1999.(2351)



2352 A. Rubbianeutrinos. The possibility to onsider neutrinos as massive objets opensways to new stati properties suh as �avor mixing and osillations, magnetimoments, deays, et.1.2. Dira and Majorana neutrinosLet us reall the basi theoretial desription of the neutrinos. The threeneutrinos �e, �� and �� are de�ned as the weak isopartners of the hargedleptons: � �eLeL � ;� ��L�L � ;� ��L�L � ; eR;�R; �R : (1)With this partile assignment, the eletron gets a Dira massme(�eLeR + h::): (2)In the Standard Model, only one heliity state of the neutrino per generationis present. Therefore, it ould not have a Dira mass, whih requires bothheliity states. If neutrinos are massive, it is tempting to think that theyare like any other fermions, i.e. desribed by a Dira spinor. In presene ofthe right handed �eld, a natural mass term is:�LDira = mD��L�R + h:: (j�Lj = 0) ; (3)where �R are the right-handed neutrino singlets (Y = 0). This mass termonserves lepton number sine it involves an inoming right handed and anoutgoing left handed neutrino. All experiments to date are onsistent withthe neutrino being left handed (�L) and the anti-neutrino being right handed(�R). Whether the two other states �R and �L exist in Nature (in analogy tothe eletron states) is at present unknown. In the Dira neutrino senario,the mass term for the neutrinos an be generated by the vauum expetationvalue (vev) as for the other fermions.An alternative type of mass terms, alled Majorana mass terms, ouldthen be possible even without additional right-handed neutrinos. It requiresjust one heliity state of the partile and uses the opposite heliity state ofthe antipartile. The mass generation therefore involves a transition froman antineutrino into a neutrino, i.e. j�Lj = 2. This mass term violateslepton number by two units, whih is inompatible with the priniples of theStandard Model whih onserves the quantum number B � L. A Majoranamass term will be of the form:�LMajorana = mL��L�R + h:: (j�Lj = 2) : (4)In the Majorana neutrino senario, lepton number is a global symmetryand spontaneously broken via the vauum expetation value of an I = 1



Review on Neutrino Osillations 2353omplex salar �eld. The oupling of the neutral �eld to neutrinos givethe left-handed � 0s a Majorana mass (mL). The massless Goldstone �eld isalled the Majoron. The masses m� remain arbitrary. One an also onsiderthe I = 1 omplex �eld as a way of expressing a produt of two I = 12�standard� Higgs multiplets.In general, we an have also a �right-handed-type� Majorana mass termof the form: �LMajorana = mR��L�R + h:: (j�Lj = 2) : (5)The right-handed states �R do not need to be the �partners� of the ordinaryneutrino. They an be other heavier states whih an mix with ordinaryneutrinos.A general neutrino mass term an involve both Dira and Majorana massterms. In this ase, one an write the mass term in the following way:�Lmixed = 12 (��L��L)� mL mDmD mR �� �R �R � ; (6)where mL and mR are Majorana mass terms and mD is a Dira mass term.The physial partile ontent is given by two Majorana mass eigenstates:m1;2 = 12 �(mL +mR)�q(mL �mR)2 + 4m2D� : (7)In the limit where mR = mL = 0, the two Majorana mass eigenstates aredegenerate and an be ombined to form a Dira neutrino.An espeially interesting ase is the see-saw limit, where mL = 0 andmD � mR, in whih there are two Majorana neutrinos with masses:m1 � mR; (8)m2 � m2DmR � mD ; (9)where mD is assumed to be of the order of the quark and harged leptonmasses, and mR is a large mass of the order of some uni�ation sale. Thisfores the mass of the neutrino to be small, and postulates a very heavy right-handed neutrino, therefore deoupling it from interations in the aessibleenergy range. Thus, the see-saw mehanism is a popular way of generatinglight ordinary neutrino masses.1.3. Sterile neutrinosFor an ordinary Dira neutrino, the �L belonging to the SU(2)L doubletis ative and the �R being the SU(2)L singlet does not exhibit weak inter-ations exept those due to mixing and is therefore alled sterile. Reently,



2354 A. Rubbiaan approah to study sterile neutrinos as light partile, whih disagrees withthe anonial view of the singlet states being very heavy, has been revived.Although all the masses of all neutral singlet states are arbitrary and inde-pendent, it an be onsidered as natural to expet them to be of some saleof the theory. The lightness of the ordinary neutrinos, however, gives alreadyevidene that very disparate mass sales an oexist in Nature and we antherefore assume the sterile neutrinos to be light for the similar reasons thatmake the ordinary doublet neutrinos light.1.4. Neutrino massesNeutrino mass phenomenology is more ompliated than the one of theharged leptons. The neutrino has no eletri harge and this opens newpossibilities for mehanisms generating its mass. The question of whetherMajorana mass terms are allowed or forbidden will depend on whether Na-ture has produed a Higgs �eld whih an break lepton number by twounits. Sine other fermions are harged, suh transitions are forbidden byharge onservation and therefore neutrinos would have a really priviledgedsituation.The urrent experimental limits on diret kinematial searhes for neu-trino masses are shown in Table I. TABLE IDiret neutrino mass measurements from kinemati distributions of weak deaysNeutrino Type Mass Limit ProessEletron <� 10 eV 3H ! 3He+ e� + �eMuon < 170 keV �+ ! �+ + ��Tau < 18:2 MeV � ! 5� ��0�+ ��1.5. Neutrino �avor osillationsIf neutrino are massive, it is likely that the mass eigenstates do notexatly oinide with the weak eigenstates. In this ase, onsidering forsimpliity the ase of two neutrinos, the weak eigenstates an be written aslinear ombinations of the mass eigenstates:� �e�� � = � os � sin �� sin � os � �� �1�2 � ; (10)where � is the mixing angle. In this ase, a pure weak eigenstates �� will bethe sum of two mass eigenstates that will propagate with di�erent phases in
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Fig. 1. Osillation probability as a funtion of neutrino energy for a baseline of730 km for (a) �m2 = 10�3 eV2 (b) �m2 = 10�2 eV2 () �m2 = 1 eV2.spae if their masses are di�erent. At a given distane from the soure L,there will be probabilityP (�� ! ��) = sin2 2� sin�1:27�m2(eV2) L(km)E(GeV)�to observe a neutrino of a di�erent �avor �� (� 6= �). This osillatorybehavior is illustrated in �gure 1 as a funtion of the neutrino energy.The harged urrent transitions involve a leptoni mixing matrix whihin the most general ase inludes osillations between all three neutrino



2356 A. Rubbiaspeies. This an be expressed as:0� �e���� 1A = 0� Ue1 Ue2 Ue3U�1 U�2 U�3U�1 U�2 U�3 1A0� �1�2�3 1A :This formalism is analogous to the quark setor, where mass and weak eigen-states are not idential and the resultant mixing is desribed onventionallyby a unitary mixing matrix. Up to now, one has ignored possible CP viola-tion, then U is real. The osillation probability is then:P (�� ! ��) = Æ�� � 4Xj>i U�iU�iU��jU��j sin2 1:27�m2ijLE ! ; (11)where �m2i j = ���m2i �m2j ��� .With three neutrinos, there are two independent mass di�erenes, say�m221 and �m232, sine �m221 +�m232 = �m231 and three di�erent mixingangles.Although in general there will be mixing among all three �avors of neu-trinos, two-generation mixing is often assumed for simpliity. Assuming ahierarhy like the one in the quark setor, the ondition m1 � m2 � m3implies �m221 < �m231 � �m232; (12)with two light almost degenerate neutrinos and one heavier one1.Then, osillation phenomena tend to deouple and the two-generationmixing model is a good approximation in limited regions. In this ase, eahtransition an be desribed by a two-generation mixing equation, with twokinds of osillations, one �short� and one �long�. The transitions �� ! �eand �� ! �� our with the following probabilities:Pshort(�� ! �e) � 4U2�3U2e3 sin2(�m232(1:27L=E)) (13)Pshort(�� ! �� ) � 4U2�3U2�3 sin2(�m232(1:27L=E)) (14)for the short osillations, andPlong(�� ! �e) � 4U2�1U2e1 sin2(�m221(1:27L=E)) (15)Plong(�� ! �� ) � 4U2�1U2�1 sin2(�m221(1:27L=E)) (16)for the long osillations. If the mass hierarhy is valid, and, if the mixingmatrix also obeys a generation hierarhy like the CKM matrix (e.g. U2e3 <1 One an also onsider an �inverted hierarhy� withm1 � m2 � m3 where the relation�m221 � �m231 > �m232 is true.



Review on Neutrino Osillations 2357U2�3 < U2�3), then the probability P (�� ! �e) / U2e3 is expeted to be smallerthan the probability P (�� ! �� ) / U2�3 in the �short� osillations and theopposite for the �long� osillations.However, it is possible that experimental results interpreted within thetwo-generation mixing formalism may indiate di�erent �m2 sales withdi�erent apparent strengths for the same osillation. This is beause multipleterms involving di�erent mixing strengths and �m2 values ontribute to thetransition probability for �� ! ��.2. Experimental situation2.1. Neutrino osillation experimentsThere are two types of osillation searhes: �disappearane� and �appear-ane.� We onsider a pure soure of neutrinos of type �. In a disappearaneexperiment, one looks for a de�it in the expeted �ux of ��. Appearane ex-periments searh for �� ! �� by diretly observing interations of neutrinosof type �.The ase for osillations is most onvining if the de�it or exess hasthe (L=E) dependene predited by the neutrino osillation formula. Exper-imentally, this has not yet been observed with strong statistial auray.De�its have been observed in the expeted rate of two neutrino soures:solar and atmospheri. A signal has been been observed by the LSND ex-periment, but it is not with high statistial signi�ane and the L and Edependene has not yet been learly demonstrated.2.2. Experimental hints and evidene for neutrino osillationsThree di�erent soures of neutrinos have shown deviations from the ex-petation, onsistent with osillations. Figure 2 summarizes the allowedregions from these results.� The �rst, alled the Atmospheri Neutrino De�it, refers to neu-trinos produed by deays of mesons from osmi ray interations inthe atmosphere. An observed anomalous ratio of ��=�e an be inter-preted as osillations with �m2 � 10�3eV2. A onsistent piture hasbeen seen in several ways by several experiments. The detailed �ts tothe angular distributions are a �smoking gun�. The osillation param-eters are beginning to be pinned down. This e�et is further disussedin Setion 7.



2358 A. Rubbia� The seond, alled the Solar Neutrino De�it, is a low rate ofobserved �e's from the Sun. The data are onsistent with �m2 �10�10eV2 or �m2 � 10�5eV2, depending on the theoretial interpre-tation. A large �ux suppression has been seen by all experiments butthe osillation mass-angle region is not pinned down. There are stillsome questions about the solar model, but a purely astrophysial solu-tion to the problem is highly disfavored. No �smoking guns� has beenobserved yet. This e�et is further disussed in Setion 6.� The third observation is an apparent exess of �e events in a ��beam by the LSND experiment, with �m2 � 1eV2. This result hasbeen persistent for 5 years, but it is based on a single experiment.The mass-angle parameters are on�ned to a small remnant spae notexluded by other experiments. This e�et is awaiting a onviningon�rmation or disproof. It is is further disussed in Setion 4.
LSND
νµ→νe
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νµ→νx

Solar MSW
νe→νx

Fig. 2. Hints for osillations ome from solar neutrinos, atmospheri neutrinosand aelerator neutrinos (LSND). Allowed regions for these three indiations arepresented here interpreted with 2 neutrino mixing. The solar neutrino de�it hastwo possible osillation solutions, MSW and vauum (not shown in �gure) with�m2 � 10�10 eV2.



Review on Neutrino Osillations 2359The overall piture appears problemati. Indeed, we observe that weneed three di�erent �m2 regions in order to explain all experimental hints.With the three ordinary neutrinos, only two mass di�erenes are independentone from another. In order to satisfy all experimental onstraints, one musttherefore invent new shemes with more neutrinos, like for example in thease of new sterile neutrinos. On the other hand, one an argue that one ormore experimental results are inorret.The NOMAD [2℄ and CHORUS [3℄ experiments explore the high �m2�� $ �� osillation region, where one may expet a signature from neutrinoswhih ontribute to �dark matter� in the universe. Reent astrophysialdata has indiated that some of the dark matter may be �hot.� Massiveneutrinos may be a good andidate for the hot omponent of the dark matterin the universe sine the density of reli neutrinos from the Big Bang is�100 �'s=m3=type. Neutrinos in the mass range of 1 � 6 eV ould helpto explain the small sale struture in the universe and reent anisotropymeasurements of the photon bakground radiation. If one assumes that theheaviest neutrino is muh more massive than the rest, then the astrophysialdata indiate that the region of interest for searhes is approximately 1 <�m2 < 36 eV2.It should be noted that if neutrino masses do not follow a simple hier-arhy, the sum of their masses an lie in eV range but the �m2's do notneessarily have to be large. The three �e, �� and �� omponents or two ofthe three ould then signi�antly ontribute to the hot dark matter mass.Theses searhes are further disussed in Setion 3.3. �� ! �� searhes at small mixing and high �m2Before NOMAD and CHORUS experiments, the best limit in the high�m2 region was obtained in an emulsion experiment E531 [4℄ at Fermilabwhih found no evidene of the tau neutrino. Their limit for �m2 ! 1 issin2 2� < 4� 10�3 at the 90% C.L.It is experimentally hallenging to �nd a small mixed fration of ��harged urrent interation in a large amount of �standard� neutrino inter-ations. The two experiments use di�erent tehniques to identify the sameevents �� +N ! � +X:� Vertex topology riteria: CHORUS looks lose to the primary ver-tex and given the mirometer resolution of the emulsion an diretlydetet the presene of the tau through the observation of a kink.� Kinematial riteria: NOMAD does not have a good enough vertexresolution but relies on preise kinematial reonstrution of the taudeay produts and the hadroni jet to separate bakgrounds fromsignal events.



2360 A. RubbiaNOMAD and CHORUS took data at the CERNWANF beam. The beamomponent of this latter is shown in Table II. A omparison of their resultsis shown in Table III. The urrent situation with the latest NOMAD andCHORUS results is shown in �gure 3, where all previous �� ! �� osillationsearhes are also summarized. All those searhes are negative. The NOMADand CHORUS experiments are further disussed in the following setions.TABLE IICERN WANF neutrino beam parameters at the NOMAD detetor loation (aver-aged over NOMAD �duial volume).Flux CC interationsNeutrino hE�i[GeV℄ relative ab. hE�i[GeV℄ relative ab.�� 23.5 1.0 41.5 1.0��� 22.7 0.054 51.5 0.027�e 36.9 0.0086 55.6 0.0134��e 31.3 0.0026 52.1 0.0018 TABLE IIIA omparison of the results from CHORUS and NOMAD. N� is the number ofequivalent loated events in the CHORUS emulsion used to ompute their limit.CHORUS NOMADData sample:N� and �� CC events 36182 950000Sensitivity:h��=��i 0.53 0.48�� Br 0.14 0.018N� � �� Br� h��=��i 2644 8140Total bakground ' 0:5 23:8� 2:6Candidates observed 0 21Limit:sin2 2� limit high �m2 1:8� 10�3 1:2� 10�33.1. NOMAD experimentThe NOMAD experiment (see �gure 4) uses the UA1 magnet whih pro-vides a horizontal magneti �eld of 0.4 T perpendiular to the beam axisover a volume of 3:6� 3:5� 7:0 m3. The main detetor omponents are: (i)drift hambers whih are used to reonstrut harged partile traks and atas the neutrino target (mass of � 2:7 tons over a �duial area of 2:6� 2.6 m2;average density 0:1g/m3); (ii) nine modules of transition radiation dete-
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Fig. 3. Status of �� ! �� osillation searhes in terms of two neutrino mixings. Allthe urves in the high �m2 region are limits while the region indiated as �Atmo-spheri� orresponds to the �� ! �� osillation interpretation of the Kamiokandeand SuperKamiokande atmospheri neutrino results.
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2362 A. Rubbiators (TRD) for eletron identi�ation; (iii) an eletromagneti alorimeteronsisting of 875 lead-glass ounters; (iv) a hadroni alorimeter made ofa multi-layer iron-sintillator sandwih; (v) ten large-area muon hambersarranged in two stations separated by an 80 m thik iron wall.In order to exploit the low �e ontamination of the wide band beamfor the �� ! �� searh, the apparatus has been optimized to e�ientlydetet eletrons and in partiular �e harged urrent interations (�eCC).Eletron identi�ation is performed using the transition radiation detetor,preshower and the lead glass eletromagneti alorimeter. The preshowerand the eletromagneti alorimeter provide additional �=e separation fatorand an energy resolution �(E)=E = 3:2%=pE(GeV)� 1% for eletrons.During the 1995-1997 years, a data sample orresponding to 950 000 ��CC interations has been aumulated. In addition, one expets 25000 ���CC, 13000 �e CC, and 1700 ��e CC interations, and approximately 310000neutral urrent (NC) interations. In addition, approximately 180000 ��CC have been aumulated during the 1998 run and are urrently beinganalyzed.NOMAD relies on a areful study of the kinematis of these events.Partile isolation and momentum balane (espeially in the transverse plane)at the primary vertex allow to distinguish the �� CC interations from ��and �e CC or NC bakground events. The following �� deay hannels areonsidered: the eletroni hannel e��� ��e, and the hadroni ones: ���� ,���� and �����+n�0�� , i.e. about 80% of the � deays.The kinematial tehnique used by NOMAD is illustrated with two ex-amples. First we onsider the identi�ation of � andidates whih deay as�� ! ��e��e. This mode is partiularly attrative beause the main bak-ground results from �e CC events whih are � 1% of the total number ofneutrino interations. The di�erene between the two types of events is illus-trated in �gure 5. For eah event, the sum of the momenta transverse to thebeam diretion for visible partiles is alulated and the resulting missingtransverse momentum vetor ~p missT is reonstruted. The relevant quantitiesare then P �T, the transverse momentum of the observed eletron, PHT , thetransverse momentum of the hadroni jet and ~p missT , the missing transversemomentum. In the ase of a �� CC this missing transverse momentum isessentially due to the undeteted neutrinos emitted in the � deay, while inthe ase of a �e CC it is due to undeteted neutrals, reonstrution e�ets,and the Fermi motion.No single kinematial variable unambiguously signals the presene of a� lepton. Instead one exploits the fat that the distributions of several kine-matial variables are di�erent for the � signal and the various bakgrounds.Therefore, information is optimized by ombining these variables into a like-lihood ratio funtion.
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Review on Neutrino Osillations 2365The analysis of the � hadroni deays relies mainly on isolation and an-gular uts and proeeds in three steps: the seletion of the hadron andidate;the rejetion of ��, ���, �e, and ��e CC interations; and the �nal separationof the signal from the bakground by means of kinemati riteria. Partileidenti�ation is used to rejet events ontaining primary eletrons or muons.The main bakgrounds are � indued neutral urrents. For example, for thesingle pion deay, one pion from the hadroni jet is mistaken as the pionemanating from the � deay. The most relevant kinematial di�erene be-tween the � signal and the NC bakground is the isolation of the � daughterandidate w.r.t. the hadroni jet (see �gure 5), whih an be desribed withthe variable QT =q(P �T)2 � (P �T � ~Ptot)2=P 2tot : (17)We illustrate the searh for �� ! h�(n�0)�� deays, where h� is ahadron and n � 0. The kinemati riteria used to rejet the residual bak-grounds are based on �ve variables QT;MT; pHT ; �m; yBj where:�m = pmT(pmT + p�T + pHT ) ; yBj = pH(p� + pH) :The distribution of the logarithm of the ratio between signal and bak-ground likelihoods, ln�hkin, is shown in �gure 8(b) for bakgrounds andsignal separately. Distributions of QT and �m are shown in Figs. 8() and8(d), respetively (these two variables provide the highest rejetion poweragainst NC bakground).Figure 8(e) shows the number of h� events above a given ln�hkin valuefor the predited bakground normalized to the total number of �� CC in-terations in the data, and the number of events in the data. The signal boxis de�ned as ln�hkin > 7.The orresponding distributions for h+ events are shown in �gure 8(f).It an be seen from Figs. 8(e) and 8(f) that the data agree with the preditedbakground outside the signal box for h�, and everywhere for h+.The NOMAD analyses have so far used the 1995-1997 data. Studiesof the 1998 sample are under progress. The result from all hannels aresummarized in Table IV. The andidate events found are onsistent withthe total estimated bakgrounds.The resulting 90% C.L. upper limit on the osillation probability isPos(�� ! �� ) < 0:6 � 10�3; (18)whih orresponds to sin2 2��� < 1:2 � 10�3 for large �m2.



2366 A. Rubbia
0

50

100

150

200

-6 -4 -2 0
ln λhµ

10
-2

10
-1

1

10

10 2
10 3

-5 0 5 10 15
ln λh kin

1

10

10 2

10 3

10 4

0 0.2 0.4 0.6 0.8 1
flat QT

1

10

10 2

10 3

0 0.2 0.4 0.6 0.8 1
flat ρm

10
-1

1

10

10 2

10 3

0 2.5 5 7.5 10
ln λh kin

1

10

10 2

0 2.5 5 7.5 10
ln λh kinFig. 8. Distributions from the searh for �� ! h�(n�0)�� : (a) ln�h� for �� CCbakground and for signal; (b) ln�hkin; () QT, after transformation to the metriin whih the signal density is uniform from 0 to 1; (d) �m, after transformation tothe metri in whih the signal density is uniform from 0 to 1; (e) the integratednumber of h� events above a given ln�hkin value for the predited bakgroundand for the data; and (f) the orresponding plot for the �+ ontrol searh. Theunertainty on the bakground preditions in (e) and (f) is similar to that of thedata points. 3.2. CHORUS experimentIn order to analyze their events, CHORUS must traebak interestingevents from the preditions given by the eletroni detetors into the bulkemulsion to loate the neutrino vertex (see �gure 9). After development ofthe emulsions, the events are measured in the sanning laboratories usingfully automati mirosopes. Two separate analyses have been performed sofar: the searh for � ! ��� (1�� sample) and the searh for � ! h�(n�0)�(0� � sample).For the �rst searh, all events with an identi�ed negative muon withmomentum P� < 30 GeV are seleted. Sanned statistis are shown inTable V.



Review on Neutrino Osillations 2367TABLE IVSummary of bakgrounds and e�ienies for the NOMAD tau analyses. The olumn ��summarizes the observed number of �� andidate events and the orresponding preditedbakground for eah hannel. The olumn �+ ontains the equivalent numbers for �wrongsign� andidates. The orresponding �� seletion e�ienies (�) and � branhing ratios(Br) are also listed. The maximum number of expeted signal events (Nmax� ) is indiatedfor eah hannel. LM refers to low-multipliity analyses (see Ref. [2℄).�� �+Analysis Data MC Data MC �(%) Br(%) Nmax�� ! e 5 6:3+1:6� 1:0 7 7:4� 3:1 3.5 17.8 2818� ! h(n�0) 5 5:0� 1:2 14 9:9� 2:3 0.78 49.8 1727� ! � 5 5:0+1:7� 0:9 13 10:2+1:4� 1:1 1.6 25.3 1891� ! 3�(�0) 5 6:5� 1:1 14 13:5 � 1:4 2.9 15.2 1180� ! e LM 0 0:5+0:6� 0:2 1 1:1� 0:7 3.4 17.8 218� ! �(�0) LM 1 0:1+0:3� 0:1 6 8:8� 3:5 1.5 37.3 198� ! 3�(�0) LM 0 0:4+0:6� 0:4 14 11 � 4 2.0 15.2 108

Fig. 9. Shemati view of the CHORUS experiment target. The event is loated inthe bulk emulsion via a predition made by eletroni detetor and with the helpof hangeable emulsion sheets.The muon trak is automatially followed in the emulsion until the neu-trino interation vertex is reahed. The deay searh is done in two di�erentways:� the short deay searh (see �gure 10): inside the plate where the in-teration took plae, the impat parameter of the muon is evaluatedat the minimum distane between the trak and any other trak of theevent.



2368 A. Rubbia TABLE VResults from 1�-sample searh in CHORUS.1994 1995Data:Charged urrent expeted 120000 2000001� sample 95374 155558P� < 30 GeV 66911 110916Sanned so far 41931 37569Fiduial uts 35767 32046Vertex found in emulsion 16837 14586Total 31423Bakgrounds:Charm 0.05 TABLE VIResults from 0�-sample searh in CHORUS.1994 1995Data:0� sample 50383 71595Sanned so far 8908 12365Fiduial uts 5476 6920Vertex found in emulsion 3164 3680Total 6844Bakgrounds:White-kinks (PT > 250 MeV) ' 0:5Charm in ��` CC 0.02Wrong sign hadrons 0.03� the long deay searh: the diretion of the muon measured in the platedownstream is ompared to the one measured by the sintillating �bertraker. If the Pt � �� � P� is larger than 250 MeV, the event ismanually sanned. Those events with a deay signature (kink) or adeay with Pt > 250 MeV are onsidered as tau andidates.The bakgrounds are small; they are indued by harm prodution byanti-neutrinos in the beam ��+N ! ++D�+X followed by D� ! ��+X 0where the primary lepton esapes detetion or is misidenti�ed as a hadron.In the urrent sample, this bakground is estimated to be 0.05 events.The 1-prong deay hannel has a large branhing of 50% but su�ersfrom white-kinks bakground. A sample of 6844 muon-less events has beenanalyzed (see Table VI) using a kink-�nding proedure similar to that ofthe muon hannel. The hadron andidate is a negative hadron trak withmomentum 1 < P < 20 GeV. With the urrent statistis, the harm bak-
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predictionsFig. 10. Shemati representation of the searh for kinks in CHORUS.ground is negligible � 0.02 events. The important bakground results fromreoilless elasti sattering of hadrons against the heavy nulei in the emul-sion (white-kinks). The ross-setion for this proess is divergent for thesattering angle going to zero. It fortunately has an exponential pt fall-o�and an therefore be suppressed by an appropriate pt ut at a small ostof tau e�ieny. The amount of bakground an be estimated by lookingin the data at �far� white-kinks along the hadron trak, sine genuine taudeays should our with a mean deay length of about 1 mm. In the an-alyzed sample, this bakground is estimated to be about 0.5 event. Afterthe pt ut, no event survives in the sample (3 events had observable kinks).Further kinematial riteria at the vertex are expeted to help suppress thisbakground at a modest tau e�ieny ost.After human assisted sanning, no tau andidates have been found in thesamples. The limit on the probability of �� ! �� osillations is alulatedto be: P (�� ! �� ) < 0:9� 10�3 (19)whih orresponds to sin2 2��� < 1:8� 10�3 for large �m2 at the 90% C.L.The kink e�ieny, potential soure of the largest systemati error, has beenestimated from Monte-Carlo studies. With larger statistis, a ross-hek ofthe kink e�ieny will be performed using harm events.



2370 A. Rubbia4. The LSND signal4.1. The LSND and KARMEN apparatusThe LSND experiment onsists of a steel tank �lled with 167 tons of liq-uid sintillator loated at about 30 m from the soure. The tank is viewedby 1220 uniformly spaed 800 PMT's overing 25% of the surfae. The sin-tillator medium onsists of mineral oil (CH2) with a small admixture (0.031g/l) of butyl-PBD. This mixture allows the detetion of both �erenkov andisotropi sintillation light.In KARMEN, the osillation hannels �� ! �e and ��� ! ��e are in-vestigated with 56 tons of liquid sintillator ontained in a matrix of 512independent ounters loated at a mean distane of 17 m from the soure.A thin layer of Gd2O3 plaed between adjaent ounters allows neutron de-tetion by neutron apture in Gadolinium followed by  emission with atotal energy of � 8 MeV.The main features of the two experiments are ompared in Table VII.TABLE VIIThe omparison between LSND and KARMEN experimental setups.LSND KARMENBeam:Aelerator LAMPF ISISEnergy 800 MeV 800 MeVProton urrent 1mA 0.2 mABeam pulse 500�s 2� 100 ns8.3ms pause 20ms pauseDetetor:Mass 180t 56tDetetion liquid sintillator segmented+ �erenkov liquid sintillatorNeutron apture proton Gd2.2 MeV  8 MeV Osillations:E (MeV) 20-300 20-60L (m) 29 17Angle from beam axis 17o 90oIn 1996, the KARMEN experiment has been upgraded by an additionalveto system. Vetoing of osmi muons passing the 7000 ton massive ironshielding of the detetor suppresses energeti neutrons from deep inelastisattering of muons as well as from �-apture in iron. Until the upgrade,these neutrons penetrating into the detetor represented the main bak-ground for the ��� ! ��e osillation searh. With an expeted redution of



Review on Neutrino Osillations 2371the bakground rate by a fator 40, the experimental sensitivity for ��� ! ��ehas been enhaned.The LSND hint for neutrino osillations is the only indiation for osil-lations whih is a signal, as opposed to a de�it. Evidene has been seenfor both ��� ! ��e and �� ! �e osillations. In 1995 the LSND experimentpublished data showing andidate events that were onsistent with ��� ! ��eosillations [5℄. Additional event exesses were published in 1996 and 1998for both ��� ! ��e osillations and �� ! �e osillations [6℄. The two osillationsearhes are omplementary, having di�erent bakgrounds and systematis,yet yielding onsistent results. A omparison of the energy dependene ofthe observed �e events and the non-beam bakground indiates a �FittedExess� of events as shown in Table VIII. Comparing this �Fitted Exess�to the expeted �e beam bakground then yields a �Total Exess� for thedeay-at-rest analysis, summarized in Table VIII, and shown by the allowedregions in �gure 11. TABLE VIIIPreliminary numbers of exess events and the orresponding osillation probabilities forthe running periods 1993�1995, 1996�1997, and 1993�1997.Data Sample Fitted Exess ��e Bakgnd Total Exess Os. Prob.1993-1995 63:5� 20:0 12:5 � 2:9 51:0� 20:2 (0:31 � 0:12 � 0:05)%1996-1997 35:1� 14:7 4:8� 1:1 30:3� 14:8 (0:32 � 0:15 � 0:05)%1993-1997 100:1 � 23:4 17:3 � 4:0 82:8� 23:7 (0:31 � 0:09 � 0:05)%In the data olleted through 1997 and 1998 no potential osillation eventwas observed in KARMEN2 [7℄. Using the Uni�ed statistial approah [8℄,this leads to an upper limit for the mixing angle of sin2(2�) < 1:3�10�3 (90%C.L.) at large �m2 overing almost entirely the favored region de�ned by theLSND evidene. KARMEN2 after all uts observed 0 events while 2:88�0:13bakground events are expeted (this has a 5.6% probability of ourring asa statistial �utuation)! A typial signal for the �m2 < 1 eV2 region is 1event, if LSND is orret. There is disagreement on how to handle data inthe ase of bakground plus a small expeted signal. When the bakground�utuates low there an be signi�ant di�erenes in results depending onthe statistial approah used. The uni�ed approah used by KARMEN2sets the limit as �90%C:L: = 1:1 events. The experimental sensitivity is 4.4events whih is worse than the limit by a fator of four.A more onservative alternative is to use a Bayesian approah. If lessbakground is observed than expeted, one may be overestimating the bak-ground. Therefore one should set a limit assuming that the bakground iszero. Therefore this method sets the limit at 2.3 events, a limit about twieworse than the Uni�ed Approah result.
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Fig. 11. Status of �� ! �e osillation searhes in terms of new neutrino mixing. Allthe urves are limits while the shaded region indiates the regions orresponding tothe osillation interpretation of the LSND result. The latest result from KARMENis indiated as KARMEN2.The goal now should be high statistis, low systematis experimentsdesigned to address the hints for osillations whih have been observed.5. Future tests of the LSND signalIn order to on�rm the result from LSND, it is mandatory to observe theenergy-dependent modulations in the disappearane and appearane rates.The issues related to the LSND signal are: Is the signal due to osillations?What is the �m2? What is the sin2 2�? What is required at this pointis an experiment whih de�nitively overs the entire LSND allowed regionwith large statistial signi�ane and whih ould measure the osillationparameters. 5.1. BooNE and MiniBooNE at FermilabBooNE [9℄ (Booster Neutrino Experiment), whih has been approvedat FNAL, will be apable of observing both �� ! �e appearane and ��disappearane. The �rst phase, MiniBooNE, is a single detetor experimentdesigned to obtain � 1000 events per year if the LSND signal is due to�� ! �e osillations. This establishes the osillation signal at the � 8�



Review on Neutrino Osillations 2373level. The seond phase of the experiment introdues a seond detetor,with the goal to aurately measure the �m2 and sin2 2� parameters ofobserved osillations.MiniBooNE will begin taking data in 2001. The detetor will onsist of aspherial tank 6 m in radius. An inner struture at 5.5 m radius will support1220 8-inh phototubes (10% overage) pointed inward and optially isolatedfrom the outer region of the tank. The vessel will be �lled with 769 ton ofmineral oil, resulting in a 445 ton �duial volume. The outer volume willserve as a veto shield for identifying partiles both entering and leavingthe detetor, with 292 phototubes mounted on the support struture faingoutwards. The �rst detetor will be loated 500 m from the Booster neutrinosoure. The neutrino beam, onstruted using the 8 GeV proton Booster atFNAL, will have an average beam energy of approximately 0.75 GeV.The sensitivity to osillations an be alulated by summing over en-ergy or by inluding energy dependene in the �t. As shown in �gure 12,both the summed analysis and the energy-dependent analysis extend well

Fig. 12. Expeted sensitivity regions for the MiniBooNE experiment with 5� 1020protons on target (1 year). The solid (dashed) urve is the 90% C.L. (5�) regionusing the energy �t method and the dashed-dot urve is the 90% C.L. region usingthe total event method.



2374 A. Rubbiabeyond the LSND allowed region at 90% C.L. Also shown is the region whereMiniBooNE will see a 5� or greater signal above bakground and make aonlusive measurement, whih again extends well beyond the LSND signalregion. 5.2. Proposals at CERNThe Jura mountain position at 17 km [10℄ from the ontinuation of theexisting neutrino beamline at CERN has essentially the exat L=E to per-form a test of the LSND laim. In addition, relative to any other existingor planned faility, it o�ers two fundamental advantages: 1) the energy ofthe beam an be lowered by perhaps as muh as an order of magnitudestill allowing reasonable ounting rates, at least in the �� ! �e hannel. Itwould be then possible to extend the searh at higher L=E. 2) at the lowestvalue of the L=E the neutrino beam is omfortably above threshold for �prodution. This allows a simultaneous study of the �� ! �e and �� ! ��hannels, albeit in a somewhat more restrited L=E range beause of thethreshold e�et.ICARUS at Jura: The ICARUS-CERN-Milano groups have submitteda proposal [11℄ based on an exposure at the Jura of a 600 ton ICARUS [12℄module similar to the one built for the Gran Sasso, resulting in an extendedsearh for neutrino osillations in the �� ! �e and �� ! �� appearanehannels. Given the possible improved performanes of the CERN neutrinobeams, a �duial mass of 100 tons would in fat be su�ient to test theLSND solution.CERN/I216 [13℄: Another possibility has been proposed at CERN tolower the energy of the neutrino beam by reativating the old CERN PSneutrino beam.Muon storage rings: The possibility to use the neutrino beam frommuon deay to test the LSND signal has been studied [14, 15℄. This isdisussed in more details in Setion 10.6. Solar neutrinosSolar neutrino experiments have observed the �ux of neutrinos produedin the ore of the the Sun in its fusion reations. The rate is omputed usingsolar models, of whih the Standard Solar Model of Bahall-Pinsonneault[16℄ is the referene. The predited neutrino �ux as a funtion of energy isshown in �gure 13. 6.1. Flux measurementThe �rst observation of solar neutrinos was performed on hlorine byDavis and ollaborators [17℄ in the Homestake experiment The threshold for
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Fig. 13. Solar Neutrino Energy Spetrum (BP98 [16℄). The origin of the neutrinosare indiated by the name of the reation involved (pp, 7Be, 8B, pep, hep). Theexperimental thresholds are shown as well.the reation �e + 37Cl! 38Ar+e� is 860 KeV. Sine then, Kamiokande,SuperKamiokande, GALLEX and SAGE experiments have measured thesolar neutrino �ux.The Kamiokande [18℄ and SuperKamiokande experiments, using water astarget, look for eletron sattering �e+e! �e+e where the sattered eletronis deteted and measured. Experimental bakgrounds onsiderations limitthese studies to a threshold of about 5� 6 MeV. The signal from the Sun isextrated from a large irreduible bakground by an event-by-event angularorrelation between the sattered eletron diretion and the diretion of theSun at the time of the event. This orrelation an be done sine events,unlike in the radio-hemial experiments, are aumulated real-time.The SAGE and GALLEX experiments [19℄ use the �e+ 31Ga! 32Ge+e�reation with threshold as low as 233 KeV. This makes these experimentssensitive to the neutrinos oming from the main pp hain whih is diretlyrelated to the luminosity of the Sun. Assuming that the rate of nulearreation does not exhibit a time dependene on the sale of a million year,one an diretly relate the visible luminosity to the rate of pp reations.As shown in �gure 14, all experiments measured a de�it in the solarneutrino �ux. For both the experimental values and the preditions, the1 sigma unertainties are indiated by rosses. Many attempts have beenperformed to explain this de�it without invoking new physis. But aftermany years, the on�dene in the SSM has grown very strong. In partiular,helioseismology provides an exellent �t the to predited values by the SSM(see Refs. [16, 20℄). A purely astrophysial solution to the solar neutrino
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Fig. 14. Comparison of the preditions of the standard solar model with the totalobserved rates in the �ve solar neutrino experiments: hlorine, SuperKamiokande,Kamiokande, GALLEX, and SAGE (from BP98 [16℄). For both the experimentalvalues and the preditions, the 1 sigma unertainties are indiated by rosses.problem is highly disfavored [21℄.6.2. De�it interpreted as neutrino osillationIt is tempting to invoke neutrino osillations to solve the solar neutrinode�it. The de�it is interpreted as the disappearane of eletron neutrino.Sine experiments detet harged urrent reations only, this will lead toapparent suppression of the �ux. It is striking fat that the suppressionfators are large, with average value of 0:5 for the water (Kamiokande: 0:54�0:07 and SuperK: 0:47 � 0:02) and gallium experiments. This suppressionwould appear naturally for maximally mixed neutrinos with an osillationwavelength muh smaller than the distane between the Earth and the Sun.In this ase, no osillation pattern is expeted beause the average of the fastosillation yields a suppression fator of 1=2 over the full energy spetrumof the solar neutrinos.However, the Homestake experiment seem to favor a suppression fatorof about 0:33. This seems to indiate that the suppression fator dependson the solar neutrino energy. A global �t must be performed in order toinlude the di�erent energy thresholds of the various experiments.The energy dependene of the suppression fores the �m2 parameter tobe onstrained within a well de�ned region. If neutrino osillations are o-uring over the distane between the Sun and the Earth and variation of thisosillation seem to be visible by ombining the solar neutrino experimentsimplies that the osillation wavelength and the distane Sun-Earth must beomparable. In terms of mass di�erene, this gives �m2solar � 10�10eV2.



Review on Neutrino Osillations 2377MSW (Mikheyev�Smirnov�Wolfenstein) [22℄ e�et ours beause theeletron neutrino has both harged- and neutral-urrent elasti satteringwith eletrons, while the �� and �� experiene only neutral-urrent satter-ing. When the neutrino propagate in matter (like for instane when trav-elling through the Sun), the additional interations introdue a shift in thee�etive mass state. This leads to an inrease in the osillation probability:P (�e ! ��) = �sin2 2�=W 2� sin2 �1:27W�m2L=E� ; (20)where W 2 = sin2 2�+(p2GFNe(2E=�m2)� os 2�)2 and Ne is the eletrondensity. In a vauum, where Ne = 0, this redues to the standard equa-tion. Within the sun, where the eletron density varies from high values inthe ore dereasing towards the outer regions, �MSW resonanes�, or largeenhanements of the osillation probability an our.6.3. SuperKamiokande energy distribution measurementAmodel-independent way of testing the osillation hypotheses is to studythe energy spetrum, the day�night and the seasonal variation of the solar�ux, rather than relying on �ux measurements alone. SuperKamiokande hasmeasured the reoil eletron spetrum above 5.5 MeV.A onvenient way to searh for spetral distortions is to normalize theobserved spetrum by the SSM expetations. A �avor osillation hypoth-esis leads to deviations from a �at normalized spetrum. The strongestdeviations are expeted for �vauum osillations� at small �m2 . Matter-enhaned (MSW) neutrino osillations show smaller deviations. In parti-ular, the large-angle solution expets an almost �at normalized spetrum.The small-angle solution leads to a sloped normalized spetrum (low reoilenergy bins are more strongly suppressed than high energy bins).Figure 15 shows the latest measurement from SuperKamiokande basedon 419 days of a new �Super-Low-Energy� analysis above an energy of 5.5MeV and on the full 708 days for the rest of the events above 6.5 MeV.The expeted suppressions for a vauum solution (�m2 = 4:3 � 10�10 eV2and sin2 2� = 0:87 and two MSW solutions (�m2 = 7:9 � 10�6 eV2 and�m2 = 5� 10�6 eV2 with mixing sin2 2� = 6:3� 10�3) are overlayed on theexperimental data.The results obtained by SuperKamiokande on the eletron spetrumame at �rst as a surprise. Indeed, the spetrum did show a deviationfrom expetation, in support for an osillation senario. Unfortunately, theosillation parameters indiated by the �t of the eletron spetrum did notagree well with the parameters found by the ombined �t of the suppressionof the �uxes obtained by the four experiments. The results of the ombined�t are further disussed in Setion 6.6.
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Fig. 15. Measured eletron reoil spetrum from SuperK (708 days days) normal-ized to BP98 [16℄ expetations. The expeted suppressions for a vauum and twoMSW solutions are overlayed on the experimental data.A further ompliation ame from the realization [23℄ that the predi-tion at high energy, i.e. in the region where the deviation from expetationappeared, the hep mehanism (see �gure 13), if underestimated by a largefator of 20, ould be a non negligible soure of neutrinos that would explainthe eletron spetrum.If one onservatively assumes that the only reliable region of the spe-trum lies below 12 MeV, one an naively onlude from the �gure that thespetrum does not exhibit an energy dependent suppression and that there-fore deviations from the expeted energy distribution has not been onlu-sively observed.6.4. SuperKamiokande day-night asymmetryMSW osillations predit an enhanement of the solar neutrino �ux dur-ing the night when the neutrinos pass through the earth. SuperKamiokandehas looked for suh an e�et. The measured day�night asymmetry de�nedas day� nightday+ night = �0:026 � 0:016(stat.) � 0:013(syst.)does not signi�antly di�er from zero. This result onstrains so strongly thelarge mixing angle MSW solution that this solution disappears ompletely



Review on Neutrino Osillations 2379at the 99% C.L. We are left with the small mixing angle MSW solution asthe only viable solution that �ts the overall observations.6.5. SuperKamiokande seasonal variationSine the distane Sun-Earth hanges with a yearly yle, vauum os-illations an show a seasonal variation of the neutrino �ux. This variationshould be observed above the natural variations due to the eentriity ofthe orbit of Earth. After less than three years of data taking, the statistialauray is insu�ient to observe this e�et, as visible in �gure 16. The dataslightly favors the presene of seasonal variation above 11.5 MeV in additionto the 1r2 variation. More data is needed to observe a signi�ant e�et.
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Fig. 16. Seasonal Variation The seasonal variation for the �ux above 6.5 MeV (blak�lled in irles) and 11.5 MeV (grey open irles) shown is not orreted for thevariation expeted from spherial symmetry (blak line).6.6. Overall �t to the solar dataAn overall �t to determine the neutrino parameters for MSW and va-uum osillations (ative and sterile neutrinos) that are allowed by the sep-arate, and olletive, imposition of the onstraints from total event rates inthe hlorine, GALLEX, SAGE, and SuperKamiokande experiments, the Su-perKamiokande eletron energy spetrum, and the SuperKamiokande zenith-angle dependene has been performed [21℄. The small mixing angle MSWsolution is aeptable at the 7% C.L. (8% for sterile �'s) and the vauum
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Fig. 17. Allowed parameter region [21℄ for vauum osillations that is onsistentwith the measured total rates, the reoil eletron energy spetrum, and the Day-Night asymmetry. Contours are drawn at 99% C.L.

Fig. 18. Allowed region in MSW parameter spae [21℄ that is onsistent with theombined onstraints from: the four measured rates, the SuperK eletron reoilenergy spetrum, and the SuperK zenith angle distribution.



Review on Neutrino Osillations 2381solution is aeptable at the 6% C.L. For vauum osillations, the best-�tsolution is: �m2 = 6:5 � 10�11 eV2; sin2(2�) = 0:75. The allowed region isshown in �gure 17. The best-�t global MSW solution for ative neutrinosis: �m2 = 5 � 10�6 eV2, sin2(2�) = 5:5 � 10�3 (and for sterile neutrinos:�m2 = 4� 10�6 eV2, sin2(2�) = 7� 10�3). The allowed region is shown in�gure 18. An arbitrary ombination of undistorted (no osillations) pp, 7Be,8B, and CNO neutrino �uxes is shown to be inonsistent with the ombineddata sets at the 3.5 sigma C.L., independent of astrophysial onsiderations.7. Atmospheri neutrinosExperiments studying atmospheri neutrinos have up to now observedeletrons and muons produed in harged urrent interations and omparedtheir observed numbers with the expeted rates. At low energy (� 100 MeVup to a few GeV), the ratio of muon neutrino to eletron neutrinos is ' 2,as both the primary pion produed in the atmosphere and their daugthermuons deay before reahing the ground.The absolute estimation of the rates is not an easy task and still su�ersfrom quite large systemati unertainties. The expeted number of eventsis given by the produt of the expeted neutrino �uxes with the neutrinoross-setions:N`�(E) / ��`(E)� ��`(E) + ���`(E)� ���`(E) ;where E is the neutrino energy. The neutrino �uxes have been alulatedby various groups, the most reent published results are those of the Bartolgroup and by Honda et al. Both alulations agree reasonably well in theregion of interest (E� � 200 MeV up to about 100 GeV). An overall globalunertainty in the absolute �ux of about 20% remains mostly due to thepoor knowledge of the primary osmi ray absolute �ux. Geomagneti �eldsof the Earth a�et strongly the �uxes at low energy (E < 1 GeV) and areinluded in the alulations. Solar ativity also in�uenes the �uxes at lowenergy.The neutrino ross-setions unertainties are quite large in the low energyregion of interest. Very few measurements of the ross-setion have beenperformed at these low energies. They were performed in bubble hambersand where the data exists its statistial error is quite large. One ould safelysay that the unertainty error in the ross-setion is at the same level as thatof the neutrino �uxes. The theoretial ompliation in orretly modellingthe low energy neutrino ross-setion omes from the treatment of the non-perturbative region (resonane region) and in the inlusion of proper nuleare�ets sine the target nuleon is not free.



2382 A. RubbiaFortunately, lepton universality tells us that apart from small mass e�etsthe ross-setions for eletron and muon neutrino should be idential. Manyunertainties therefore anel in the ratioR = N�=Ne:This ratio redues also most ommon unertainties in the primary �uxes andis predited with a 5% systemati unertainty.7.1. Anomalous ratio RR = (N�=Ne)data=(N�=Ne)MCFour early experiments � Kamiokande [24℄, IMB [25℄, NUSEX [26℄ andFrejus [27℄ � have published results on the double ratio of measured �-liketo e-like atmospheri events ompared to that expeted. The results aresummarized in Table IX in whih the exposure in kt � yr is also shown.The Kamiokande and IMB detetors using large water-Cerenkov detetorsobserved a ratio signi�antly less than expeted, while Frejus and NUSEXboth employing �ne-grain iron-alorimeters �nd results strikingly onsistentwith expetations. TABLE IXOld and reent results from atmospheri neutrino experiments.Experiment Exposure (kt�yr) RR � (�=e)data(�=e)MCKamiokande II/III multiGeV 8.2 0:57+0:08�0:07 � 0:07Kamiokande I/II/III subGeV 7.7 0:60+0:06�0:05 � 0:05IMB 7.7 0:54�0:05� 0:11Frejus 2.0 0:99� 0:13� 0:08NUSEX 0.74 1:04� 0:25SuperKamiokande subGeV 45.5 0:67� 0:02� 0:05SuperKamiokande multiGeV 45.5 0:66� 0:04� 0:08Soudan-II 4.2 0:66� 0:11 +0:05�0:06The results of Kamiokande and IMB have been reently on�rmed bythe SuperKamiokande detetor and by the Soudan-II measurements. TheSuperKamiokande result dominates by its statistial auray. In fat, basedon about 700 days of observation (or 45.5 kt � yr), the statistial aurayis smaller than the systemati unertainty.The Soudan-II detetor is a 1 kton �ne-grained traking alorimeter.While this experiment has the drawbak of low statistis (exposure of 0.7 kt�yr=yr) ompared to the SuperK experiment, it also observed an anomalous



Review on Neutrino Osillations 2383ratio. Their latest result [28℄ for an exposure of 4:2 kt�yr is 0:66�0:11 +0:05�0:06.Important aspets of their analysis have been heked by arrying out twoindependent, alternative analyses; one is based upon automated sanning,the other uses a multivariate approah for bakground subtration. Similarresults are found by all three approahes.7.2. Zenith angle dependeneIn atmospheri neutrino experiments, what has atually been measuredis the energy of the �nal state lepton. At high energy, the diretion of theprodued harged lepton is strongly orrelated with that of the inomingneutrino. In addition, the zenith angle of the inoming neutrino is a diretmeasure of the �ight path L. For downward neutrino, the path length isabout 10 km, while for upward going neutrinos whih are produed belowthe horizon, the path length varies largely up to 12'000 km for neutrinosprodued exatly on the other side of the Earth. Therefore, a zenith-angledependent e�et is a strong indiation in favor of neutrino osillation.Kamiokande was the �rst to publish a zenith angle �z distribution ofthe double ratio RR that was apparently not in agreement with the ex-peted shape. This distortion although not very statistially signi�ant wasinterpreted as a possible hint for neutrino osillations.
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2384 A. RubbiaThe reent SuperKamiokande data has ompletely hanged the situation.The zenith angle distributions for eletron and muon samples are shownseparately in �gure 19. While the eletrons seem to be in agreement withexpetation, it is lear that there are less muon-like events in the upwarddiretion than expeted while in the downward diretion they are onsistentwith expetation.Soudan-II has in addition the apability to observe the reoil proton inthe neutrino interation. This substantially improves the resolution on �z,the angle of the inoming neutrino. Somewhat surprisingly, the Soudan-IIhigh resolution muon sample does not exhibit a large up/down asymetry asobserved in SuperKamiokande. Instead, there learly appears to be a muonde�it essentially independent of the zenith angle. This fores the �tted�m2 to lie above 1:2� 10�3 eV2.7.3. Upward going muonsNeutrinos will travel through the earth. Upward-going muons are pro-dued by high-energy atmospheri neutrinos whih interat in the rokaround the detetor. Those whih pass ompletely through the detetorhave a mean parent neutrino energy of � 100 GeV, while those whih rangeout inside the detetor ome from neutrinos of mean energy � 10 GeV. Theneutrino baseline varies with the observed muon zenith angle, allowing for anindependent test via �� disappearane of the neutrino osillations observedin events where the neutrino interated in the detetor. In this ase, a ratioto �e events annot be used to redue sensitivity to unertainties in the ���ux. However, omparisons are made to a wide range for �ux models.SuperKamiokande has observed 614 upward through-going and 137 up-ward stopping muons over 537 (516) live days [32℄. The observed stoppingover through-going ratio R = 0:218 � 0:023(stat:)+0:014�0:013(syst:) is 2.9 sigmalower than the expetation. Both the shape of the zenith angle distributionof the observed �ux and this low ratio are inonsistent with the null osilla-tion hypothesis, but are ompatible with the previously observed osillationhints. Taken as a whole, the addition of these higher energy �� data to theontained neutrino events provides a better measurement of the osillationparameters, narrowing the allowed parameter range to sin2 2� > 0:9 and1:5 � 10�3 eV2 < �m2 < 6� 10�3 at 90% on�dene (see next setion).MACRO [29℄ has performed a measurement of the �ux of neutrino-indued muons. Di�erent event topologies, orresponding to di�erent neu-trino parent energies an be deteted. The upward through-going muon sam-ple is the larger event sample. The observed upward-through-going muonsare 26% fewer than expeted and the zenith angle distribution does not �twith the expeted one. The ratio is 0:74 � 0:036(stat:) � 0:046(syst:) �0:013(th), whih inludes the systemati error on the �ux alulation. As-



Review on Neutrino Osillations 2385suming neutrino osillations, both measurements suggest maximum mixingand a �m2 of a few times 10�3 eV2. The other samples are due to the in-ternally produed events and to upward-going stopping muons. These datashow a regular de�it of observed events in eah angular bin, as expetedassuming neutrino osillations with maximum mixing, in agreement with theanalysis of the upward-throughgoing muon sample.7.4. Evidene for neutrino osillationsSuperKamiokande based on their large statistial auray and ompletesystemati heks have published reently an �evidene for neutrino osilla-tions� [30℄. There are now three e�ets in favor of an interpretation of theatmopheri neutrino anomaly in terms of �avor osillations:� the anomalous ratio of neutrino events� the zenith angle distribution� the zenith angle distribution of upward through-going muons.SuperKamiokande has made a quantitative global �t of the subGeV andmultiGeV data assuming osillations. The global �2 analysis suggests thefollowing:� no neutrino osillations: �2min = 175=69 dof!� �� ! �e osillations: �2min = 110=67 dof with osillation parameterssin2 2� = 0:98 and �m2 = 3:8 � 10�3 eV2.� �� ! �� osillations: �2min = 61:5=67 dof with osillation parameterssin2 2� = 1:05 and �m2 = 2:9 � 10�3 eV2. Constraining sin2 2� = 1yields �2min = 62:1=66 dof and �m2 = 3:5� 10�3 eV2The no-osillation hypothesis is ruled out! The osillation into eletron isdisfavoured and is exluded also by the CHOOZ [31℄ result. The onversioninto tau neutrino provides a very good �t to the data. Figure 20 shows theallowed region in the (sin2 2�;�m2) plane for �� ! �� osillations.In addition, SuperKamiokande has also ombined their upward goingmuon data to further onstrain the osillation parameters. The results are:� no neutrino osillations: �2min = 214:3=85 dof!� �� ! �� osillations: �2min = 69:4=82 dof with osillation parameterssin2 2� = 1:05 and �m2 = 3:2 � 10�3 eV2. Constraining sin2 2� = 1yields �2min = 70:2=81 dof and �m2 = 3:2� 10�3 eV2
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Single container Internal Dimensions: Length = 19.6 m , Width = 3.9 m , Height = 4.2 m
Total (cold) Internal Volume = 534 m 
Sensitive LAr mass = 476 ton

Number of wires chambers = 4
Readout planes / chamber = 3 at 0° , ± 60° from horizontal
Maximum drift = 1.5 m
Operating field = 500 V / cm
Maximum drift time ≈ 1 ms
Wires pitch = 3 mm
Total number of channels = 58368

2 independent aluminum containers
each one transportable inside the GS 
Laboratory

External insulation layer (400 mm)

LN2 cooling circuit

Signal feedthroughs

HV feedthroughs

Fig. 21. A 3-dimensional sketh of the ICARUS T600 ryostat. The detetor willbe loated in the Gran Sasso National Laboratory (LNGS, Italy) in order to studyosmi rays and solar neutrinos and searh for proton deay.ICARUS provides an exellent general purpose large sale neutrino de-tetor: it o�ers within the same volume a traker in three dimensions withhigh spatial resolution and partile identi�ation, and also, beause of thehigh density of the liquid medium, preise homogeneous alorimetry. Aneutrino event deteted with a small prototype (50 litres) of the ICARUSdetetor is shown in �gure 22. The main harateristis of ICARUS are thefollowing:� It is a homogeneous traking devie, apable of dE/dx measurement.The high dE/dx resolution allows both good momentum measurementand partile identi�ation for soft partiles.� Eletromagneti and hadroni showers are fully sampled. This allowsto have a good energy resolution for both eletromagneti, �(E)=E '
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Fig. 22. An example of reorded neutrino interation in a 50 liter Liquid ArgonTPC prototype exposed at the CERN � beam. The neutrino omes from the topof the piture. The horizontal axis is the time axis (drift diretion) and vertiallyis the wire number. The visible area orresponds to 47� 32 m23%=pE=GeV, and hadroni ontained showers, �(E)=E ' 15%=pE=GeV.� It has good eletron identi�ation and e=�0 disrimination thanks tothe ability to distinguish single and double m.i.p. by ionization and tothe bubble hamber quality spae resolution.During 1998, the main ativities were related to the onstrution of the600 ton module (see �gure 21). The design of the ryostat and of its om-ponents has ontinously evolved and the �rst half-module is presently beingassembled. Its delivery is foreseen before the summer of 1999.A 10m3 prototype ryostat has also been built and prepared for a seriesof omplete tests whih have started in the beginning of 1999. This 15 tondetetor serves as a test benh for the 600 ton detetor. In partiular, theryogeni system and ontrol will be idential as the one for the 600 ton. The15 ton is also used to test the internal detetor and the assoiated ryogeniinstrumentation.



Review on Neutrino Osillations 23899. The long baseline programmes9.1. K2K TABLE XIList of relevant parameters for the present CERN neutrino beam and for the an-tiipated beams at KEK, at Fermilab and at CERN. The CERN NGS �guresorrespond to a �shared� mode of operation. More intensity ould be ahieved in adediated mode. CERN WANF K2K FNAL NUMI CERN NGSProtons:Energy (GeV) 450 12 120 350-450Pot/yle 2� 1013 6� 1012 4� 1013 9� 1013Cyle time (s) 14.4 2 1.9 26.4Days/year 200 � 0:75 250 � 0:7 300� 0:67 200 � 0:75Pot/year 1:5� 1019 4:5� 1019 3:7� 1020 4:5� 1019Long-baseline �'s:< E(��CC) > � 1.5 GeV 16 GeV 17 GeV�� CC/kt/1019 � 2 100 600�� CC/year � � 200=22:5kt � 3800=kt 2700=kt�� appearane � No Yes/No YesStatus:Running date ! 1998 1999! 2002! 2004(?)!The �rst long baseline aelerator experiment (see Table XI) to addressthe atmospheri anomaly will use a neutrino beam from the KEK 12 GeVproton synhrotron in onjuntion with the SuperKamiokande detetor ata distane of 250 km. The K2K [33℄ program is urrently under onstru-tion in Japan. This experiment should start data taking in 1999. Both ��disappearane and �e appearane will be studied. However, beause of alow energy beam E� � 1:4 GeV, it will not be possible to study the tauappearane diretly, hene, the �� ! �� hypothesis will have to be inferredfrom a omparison of the �� ! �e appearane and �� ! �x disappearanerates resulting in poor mixing sensitivity.9.2. FNAL/NUMI and CERN/NGSThe future neutrino program at Fermilab inludes a long base-line ex-periment. The neutrino beam from the Main Injetor is direted towardsthe Soudan underground laboratory in Minnesota at a distane of 730 kmfrom Fermilab.A possibility that would take advantage of the already approved programin the underground laboratory at the Gran Sasso National Laboratory, whihonsists in aiming a neutrino beam from the CERN SPS to Gran Sasso at adistane of 732 km, has been disussed for many years [12℄.



2390 A. RubbiaAs for the beam, the general strategy was to opt for a wide band neu-trino beam based on the experiene gathered at CERN with the design andthe operation of the WANF. The beam optimization and the design of thedetails of the beam optis have been subjet of further studies driven by therequests of the experiments. Following the indiation of the CERN�LNGSommittee, a �rst optimization of the beam has been arried out with thegoal of maximizing the �� CC interations at LNGS for appearane experi-ments.Options of lower energy beam have also been onsidered for disappear-ane experiments. Further studies on the optimisation of the beam areurrently being done. 9.3. Long baseline detetorsThe proposed detetor at FNAL, MINOS [34℄, is based on 5 ktons ofmagnetized iron plates interspaed by sintillators, to be installed in theSoudan mine. Various methods have been disussed in the proposal in orderto extrat possible osillation signals. With suh a oarse detetor, thebest sensitivity will probably be reahed by studying the �event withoutmuon� over �event with muon� ratio. Unless an extra emulsion target isplaed in the front of the detetor, this experiment will be limited to performdisappearane studies. TABLE XIIExpeted number of atmospheri neutrino interations for an exposure of 30 ktonx year and E�� down to threshold, E�e down to 50 MeV.C. C. N.C. C.C. + N. C.�� 3432 1301 4733�e 1800 659 2459��� 876 493 1369��e 414 250 664�� + ��� 4308 1794 6102�e + ��e 2214 909 3123all events 6522 2703 9225At the CERN/NGS, there have been numerous proposals. The most in-teresting aspet is the possibility to detet �� CC interations, an ultimateproof of �avor osillation. Based on the NOMAD and CHORUS exper-tise developed at CERN during the 80's, detetors apable of deteting thepresene of tau lepton in the event �nal states have been proposed. Thedetetors are desribed below. Table XIII summarizes the number of tauCC events fully reonstruted that would be observed in the various exper-



Review on Neutrino Osillations 2391TABLE XIIITau appearane at the CERN-NGS. The number of bakground and deteted tauevents as a funtion of �m2 for 4 years of running (shared-more) at the CERN-NGS.Exp. Bakground Number of deteted tau events, �m2 eV22� 10�3 3:5� 10�3 5� 10�3 10�2ICARUS 2.4kt 2.5 13 40 85 340SuperICARUS 3.7 70 200 420 1700OPERA 0.4 6 20 40 150NOE 8kton 3.7 2 7 15 60iments after 4 years of running in a �shared� SPS mode, ompared to smallbakgrounds. The experiments proposed at the NGS have the potentialityto unambiguously prove the �avor osillation.ICARUS [11, 12℄ Beause of the high resolution on measuring kine-matial quantities, the �� appearane searh in ICARUS is based on thekinematial suppression of the bakground using similar tehniques to thoseof the NOMAD experiment [2℄.

Fig. 23. A 3-dimensional sketh of the proposed SuperICARUS detetor.Reently the possibility to build a SuperICARUS detetor of 30 kt (see�gure 23) has been put forward [35℄. One of the aims of this detetor wouldbe to inrease the sensitivity to neutrino osillations at low mixing and in



2392 A. Rubbiathe low �m2 region. SuperICARUS would allow the olletion of about9200 atmospheri neutrinos per year (see Table XII), fully reonstrutedwith good preision. These are largely su�ient to eluidate the preseneof osillations in the osmi rays. In presene of the neutrino osillation,harged urrent �� events will appear in atmospheri neutrino events. Thiswill o�er the possibility of a �� appearane experiment in the osmi rayevents, independently from the searhes with the beam. An exposure of 4e�etive years at �m2 = 3:5� 10�3 eV2 would lead to about 120 tau eventsbefore uts. The possibility to detet these events with a S=N � 1 has beendemonstrated in Ref. [36℄.OPERA [37℄ is a oneptual design of a massive detetor able to operateon a medium or long baseline loation, to explore �� � �� osillations basedon the emulsion tehnique. In OPERA, emulsions are used as high preisiontrakers, unlike in CHORUS where they ompose the ative target. Theextremely high spae resolution of the emulsion should ope with the peuliarsignature of the short lived � lepton, produed in the interations of the �� .The OPERA detetor onsists of a 0.75 kt lead emulsion target. Thebasi element (ell) of the detetor is omposed of a 1mm thik lead-platefollowed by an emulsion sheet (ES1), a 3mm drift spae (�lled with lowdensity material) and another emulsion sheet (ES2) (see �gure 24). AnES1(ES2) is made of a pair of emulsion layers 50 miron thik, on eitherside of a 100(200) miron plasti base. Thirty ells are arranged together toform a brik, whih has 15� 15� 13m3 dimensions; briks are put togetherto form a module (2:8� 2:8 � 0:15m3).

Fig. 24. The basi elements of the OPERA detetor.



Review on Neutrino Osillations 2393Sine the emulsion does not have time resolution, there are eletronidetetors after eah module in order to orrelate the neutrino interationsto the brik where they our and to guide the sanning. Streamer tubeshave been proposed as eletroni detetors, but other possible solutions areunder study. A total of 300 modules are subdivided into 10 idential super-modules. The overall dimensions of the detetor are 3:5 � 3:5� 40m3.The � 's produed in �� CC interations, are deteted by measuring theirdeay kink when ourring in the drift spae. The kink angle is measured byassoiating two high-preision 3-D trak segments reonstruted in ES1 andES2. The present estimate of the OPERA � detetion e�ieny is about35%. We observe that the � deays in the lead-target plates are not lost, butthey do not o�er the same golden bakground onditions. Studies are underway in order to use them to further inrease the overall detetion e�ieny.The main soure of bakground for the deays inside the gap is the pro-dution of harged harm partiles with subsequent deay when the primarylepton is not deteted. Monte Carlo simulation showed that the number ofbakground events expeted from this soure is below 1 in four years. ThusOPERA is believed to be essentially free of bakgrounds.NOE [38℄ has been proposed as a long baseline experiment to study�� ! �� and �� ! �e osillations. The basi elements of the NOE detetorare light transition radiation detetor modules (TRD) for a total TRD massof 2:4kt interleaved with modules of a massive �ne grain 5:6kt alorimeter(CAL). A TRD and a CAL module together form the basi module of theNOE detetor. The whole 8kt NOE detetor is made of 12 subsequent basimodules.Combining both CAL and TRD information, the rejetion power to sep-arate eletrons from minimum ionising partiles is 10�3 � 10�4. The e=�0disrimination is based on the fat that, beause of the light TRD material,�0's ross many TRD layers with low onversion probability.The �� ! �� osillation searh is performed by kinematial identi�ationof the � lepton deays, exploiting the tehniques developed by the NOMADollaboration [2℄. So far the � ! e hannel has been fully studied. Thepossibility to use the � ! � hannels is enouraging.10. New generation of neutrino beamsIn the last few years there has been growing interest in studying thetehnial feasibility and the impat on physis of a muon ollider with highintensity beams. These mahines are attrative for new generation neutrinobeams [39℄. Indeed,� The very large protons intensities in the range of 1022 protons=yearneeded for the muon ollider opens up new domain of neutrino �uxesin whih seondary hadrons are produing an intense neutrino beam;



2394 A. Rubbia� Muons deaying in this ollider are a ontinuous soure of both muonand eletron-like neutrinos via the following relation: �� ! e��e��.The muons are produed in the deay hain of pions behind an appropriatetarget and are subsequently aptured, ooled, aelerated and stored into aring where they are let to deay. The total number of muons aelerated isomputed in the following way:N� = fbunh �Np=bunh � Y�=p � Y�=� � t ;where fbunh is the bunh repetition rate, Np=bunh is the number of protonsper bunh, Y�=p is the yield of pions per proton, and Y�=� is the yield ofmuons per pion. It is assumed that Y�=p � Y�=� = 0:08 muons per protonwill be trapped and aelerated into the storage ring.When a neutrino beam is produed from muons of a de�nite sign, onlyone kind of �avor-anti�avor is produed.In ase of �� ! �e osillations, there will be appearane of �e neutrinoswhile the unosillated beam ontained only ��e's. Charge disrimination inthe detetor will trivially separate the two types of neutrino omponents:��e +N ! e+ +X intrinsi beam omponent; (21)�e +N ! e� +X osillated (22)In ase of ��e ! ��� osillations, there will be appearane of ��� neutrinoswhile the unosillated beam ontained only ��'s.�� +N ! �� +X intrinsi beam omponent; (23)��� +N ! �+ +X osillated (24)Suh an experiment ould test the transition �� ! �e and its CP-onjugate ��� ! ��e at the same time.10.1. Testing the LSND resultIn Ref. [14℄, it was pointed out that the urrently existing CERN-PSmahine, able to aelerate fbunh �Np=bunh � t � 2:5 � 1020 protons in ayear at an energy of 19.2 GeV, ould be used as a proton driver. Under thisassumption, the total number of muons aelerated is 2� 1019�=year. After2 years of running, a total of 4� 1019� will have deayed inside the storagering.A medium baseline from the CERN-PS to the CERN-Prevessin labora-tory, lose to the North Area, was hosen in order to test the LSND signal.
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(99%C.L.)Fig. 25. (a) Shemati overview of the CERN sites. (b) Predited negative limits atthe 90% C.L. and 99% C.L. for the study [14℄ ompared to expeted MiniBOONE90% C.L. limit for neutrino osillation appearane. Negative results from previousNOMAD, CCFR, BNL-776 and reator experiments are also shown.The distane from the PS is about 3.5 km (see �gure 25) and therefore the�modest� proton intensity (while inadequate for a muon ollider) would allowto test the tehnology of neutrino beams from muon deays. The existingNOMAD detetor was tentatively used as a target. The muon beam energywas set to 7 GeV in order to obtain a relatively low energy neutrino beam. Inase of negative result, ombining both hannels assuming CP onservation,the 90% C.L. limit on �� ! �e osillations, for a total �ux of 4�1019 muons,orresponds to a limit on the mixing angle for large �m2 ofsin2 2� < 7� 10�4 90% C:L: (25)and �m2 > 2 � 10�2 eV2 for maximal mixing. The 90% and 99% C.L.exlusion ontours are shown in �gure 25b ompared to the LSND positivesolution, the urrent limits from NOMAD, CCFR and reator experiments,and the expeted limit fromMiniBOONE. The LSND solution is well overedby the sensitivity obtained. 11. ConlusionsThe inlusion of neutrino masses and mixings is nowadays onsideredas a natural �extension� of the Standard Model. The exat format of thisextension is however not yet de�ned, sine the neutrality of the neutrinoallows for more ompliated mass terms than for harged fermions. This
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